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1.  INTRODUCTION 

The  50th  Meeting  of  the  Propulsion  and  Energetics  Panel  of  the  NATO  Advisory  Group  for  Aerospace  Research 
and  Development  was  held  at  the  Middle  East  Technical  University  in  AnKara,  Turkey,  from  19  to  23  September,  1977. 
The  purpose  of  the  meeting  was  to  review  the  status  of  the  technology  associated  with  the  design  and  operation  of 
gas  turbines  at  high  turbine  inlet  temperatures.  The  conference  program  was  arranged  by  a committee  under  the 
chairmanship  of  Dr.  D.K.Hennecke. 

The  timing  of  the  meeting  was  most  appropriate,  since  the  last  meeting  devoted  to  high  temperature  turbines 
was  the  36th  PEP  Meeting  in  Florence,  Italy,  in  1970.  Since  that  time,  much  progress  has  been  made  in  the  under- 
standing and  the  application  of  increased  entry  temperatures  to  both  military  and  civil  aircraft  gas  turbines. 

The  maximum  cycle  temperature  at  which  today’s  aircraft  gas  turbines  are  designed  to  operate  is  increasing  as 
rapidly  as  the  technology  of  high  temperature  materials  and  cooling  methods  will  allow.  Increases  in  cycle  operating 
temperatures  result  in  higher  specific  output  and  increased  cycle  efficiency.  From  an  aircraft  systems  point  of  view, 
the  higher  specific  output  raises  the  thrust-to-weight  ratio  of  the  engine,  with  significant  reduction  in  engine  frontal 
area  and  nacelle  drag.  Thus,  the  benefits  of  operating  an  aircraft  gas  turbine  at  increased  cycle  temperatures  can  be 
translated  into  additional  payload  or  range  or  a combination  of  both.  All  modem  aircraft,  as  well  as  industrial  gas 
turbines,  operate  at  cycle  temperatures  which  require  turbine  vane  and  blade  cooling,  as  well  as  special  cooling 
configurations  for  other  hot  section  components  such  as  combustors,  shrouds,  discs,  afterburners,  etc.  In  conjunction 
with  cooling,  special  considerations  in  materials,  and  coating  selections  are  required  to  insure  the  integrity  of  the  design 
and  reliable  operation  of  these  advanced  engines.  In  this  meeting,  major  emphasis  was  placed  on  the  state-of-the-art 
of  high  cycle  temperature  gas  turbines,  with  regard  to  heat  transfer,  performance  and  materials  technology  and  their 
intenelationships.  In  addition,  the  meeting  covered  new  developments  under  investigation  which  offer  significant 
improvements  in  the  performance,  cost,  efficiency  and  reliability  aspects  of  advanced  gas  turbine  engines. 

The  conference  consisted  of  39  papers  adequately  balanced  in  subject  matter  and  between  representatives  from 
industry  and  government-sponsored  organizations.  The  number  of  countries  providing  papers  was  nine,  though 
specialists  from  other  NATO  countries  were  present  and  took  an  active  part  in  the  discussions. 

The  conference  was  divided  into  eight  sessions  dealing  with  the  general  theme  of  high  temperature  problems  in 
gas  turbine  engines.  It  is  apparent  from  the  attached  listing  of  these  session  titles  and  reference  papers  that  the  meeting 
covered  a broad  scope  of  activities  relating  to  the  high  temperature  aspects  of  gas  turbines. 

The  following  review  '''  ‘ evaluation  uses  slightly  different  headings  for  comments  on  the  papers  presented  and 
for  emphasis  of  some  fei..,.ies  which  are  thought  to  have  an  important  impact  on  future  developments  of  high 
temperature  turbines. 

2.  PROGRESS  OF  NEW  RESEARCH  AND  DEVELOPMENT  TEST  FACILITIES 
2.1  Static  Cascade  Rigs 

Many  of  the  data  presented  at  the  meeting  dealt  with  test  results  from  different  cascade  rigs,  and  the  progress 
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made  to  convert  these  data  into  a form  which  would  be  useful  to  designers  for  predicting  the  performance  and 
durability  aspects  of  high  temperature  hot  section  components. 

The  present  status  of  highly  developed  cooling  technologies  was  only  reached  with  the  help  of  sophisticated 
laboratory  cascade  testing  which  allows  detailed  analysis  of  basic  phenomena  for  comparison  with,  and  further  develop- 
ment of,  theoretical  methods.  However,  there  is  still  a fundamental  need  to  increase  cooling  effectiveness  with  a 
minimum  of  engine  performance  losses,  while  the  engine  manufacturer  is  resorting  to  the  use  of  improved  manufacturing 
methods,  materials  and  coatings,  which  will  offer  further  temperature  potential.  One  can  easily  foresee  that  future 
research  work  will  be  faced  with  new  and  sometimes  more  complex  cooling  configurations  for  all  the  hot-end  components 
of  advanced  gas  turbines. 

The  very  encouraging  progress  is  worth  noting  which  has  been  achieved  using  the  so-called  short-duration  test 
facilities  at  Oxford  University,  VKl  and  MIT  reported  during  this  meeting  by  D.L. Schultz  (31)*,  R.E. Richards  (34) 
and  J.F.Louis  (28).  The  tests  can  be  performed  at  actual  engine  Reynolds  and  Mach  numbers  and  actual  gas-to-wall 
temperature  ratios.  Heat  transfer  measurements  are  made  by  highly  developed  thin-film  techniques,  aiid  fast  data 
acquisition  systems  are  available  for  recording  and  subsequent  processing  of  transient  data. 

Interesting  cascade  testing  with  measurements  of  heat  transfer  along  a PVD  blade  profile  has  been  reported  by 
B.W.Martin  (32)  from  Wales  University.  These  tests  also  employed  a transient  method  by  measuring  temperature  - 
time  responses  of  blade  surface  thermocouples  when  the  blade  was  suddenly  introduced  into  a heated  air  stream. 

One  of  the  key  problems  in  cascade  testing,  whether  in  the  steady-state  or  transient  mode,  is  the  proper  simulation 
of  environmental  conditions  prevailing  under  actual  engine  conditions  and  influencing,  for  instance,  the  cooling 
performance  of  vanes,  blades,  shrouds  and  combustor  liners.  F.J.Bayley  (37)  stated  the  present  position  very  clearly, 
when  he  pointed  out  that  even  the  relevant  characteristics  of  the  engine  flow  are  not  yet  definable,  not  to  mention 
simulation  under  laboratory  conditions.  H.Kohler  (6)  in  his  paper  compared  surface  temperature  measurements  and 
associated  heat  transfer  coefficients  from  static  cascade  tests  with  results  on  a comparable  rotor  blade  operated  in  an 
engine  at  similar  Reynolds  and  Mach  numbers  and  with  the  same  gas-to-wall  temperature  ratio.  The  large  discrepancies 
observed,  mainly  on  the  leading  edge  ana  pressure  surface,  highlight  the  possible  effects  of  engine-related  environmental 
conditions,  such  as  main-stream  turbulence  originating  from  unsteady  combustion,  cooling  air  admixture  and  periodic 
velocity  oscillations  due  to  blade  wakes. 

For  investigation  of  some  separate  effects  of  turbulence,  F.J.  Bayley  (37)  presented  a new  experimental  set-up 
at  Sussex  University  consisting  of  a static  cascade  with  an  upstream  turbulence  generator  which  was  conceived  as  a 
rotating  squirrel  cage.  This  device  allows  the  investigator  to  vary  the  turbulence  intensity  by  using  a range  of  bar 
diameters  and  to  vary  the  frequency  of  velocity  fluctuations  through  the  rotational  speed.  The  experiments  he  reported 
about  were  mainly  done  in  the  range  of  up  to  6 kHz  with  measured  velocity  fluctuations  in  the  range  of  24%  to  48% 
turbulence  and  showed  some  dramatic  effect  on  local  and  mean  blade  profile  heat  transfer  coefficients. 

There  was  general  agreement  among  the  speakers  that  the  data  obtained  from  the  above  described  laboratory  tests 
are  very  useful  and  necessary  for  the  design  of  hot-section  components. 

2.2  Turbine  Aerodynamic  Rigs  and  High  Temperature  Turbine  Testing 

For  investigation  of  the  effect  of  coolant  injection  on  turbine  aerodynamics,  cold  or  warm  air  turbine  rigs  are 
commonly  used,  as  refened  to  in  papers  by  J.D.McDonel  (29)  and  H.F.Due  (4).  As  reported  by  A.W.H.Morris  (12) 
at  NGTF,  a high-temperature  single-stage  research  turbine  has  been  used  for  recent  testing  of  transpiration-cooled  NGV’s 
at  design  conditions  of  1650  K gas  temperature  and  4.5  bar  inlet  pressure. 

W.Kuhl  (7)  described  temperature  measurements  on  rotating  turbine  blades  in  a single-stage  test  turbine  at  the 
Technische  Hochschule,  Aachen,  which  were  aimed  at  analysing  blade-profile  heat  transfer  under  moderate  turbine 
inlet  temperature  and  pressure  conditions  up  to  1 173  K and  1.5  bar  respectively. 

A major  new  test  facility  presented  during  this  conference  in  the  papers  by  J. Francois  (5)  and  Y.Le  Bot  (33)  is  the 
so-called  French  MINOS  (Montage  inter  ONFRA-SNFCMA)  operated  at  CFPr,  Saclay. 

This  test  facility  is  basically  a high-temperature  test  turbine  with  an  upstream  engine  combustor,  in  which  an 
attempt  is  made  to  simulate  engine  environmental  conditions  with  respect  to  the  combustor-turbine  unit.  The  max. 
designed  operating  temperature  is  1800  K and  the  max.  entry  pressure  delivered  from  the  plant  feed  system  is  4.5  bar. 

The  authors  (5)  quote  an  impressive  program  of  future  investigations  covering  a broad  range  of  high-temperature 
turbine  problems  including 

— turbine  aerodynamics 

- various  heat  transfer  and  film  cooling  investigations  on  NGV’s,  rotor  blades,  casings  and  end  walls 
* Number  in  parentheses  refers  to  the  Paper  in  the  main  Conference  Proceedings. 
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- thermal  fatigue  tests  by  means  of  cyclic  variation  of  cooling  air  flows 

- testing  of  abradable  materials  with  respect  to  improvements  in  running  clearances  and  reduced  air  leakages. 


There  is  no  doubt  that  each  of  these  problem  areas  represents  a major  aspect  in  the  development  of  advanced 
turbines.  The  ambitious  targeting  for  this  test  facility  essentially  requires  advanced  measuring  techniques,  which  are 
described  in  the  paper  by  Y.Le  Bot  (33): 

Total  pressure  and  temperature  probes  designed  for  fast  dynamic  response  and  capable  of  operating  under  high 
temp-'ratures  have,  for  instance,  been  developed  for  measuring  turbulence  at  turbine  entry,  and  for  analysing  rotor 
downstream  wakes.  Laser  anemometry  is  seen  to  be  not  yet  ready  for  this  application.  Blade  temperatures  are  being 
measured  by  embedded  thermocouples  and  optical  pyrometers.  For  heat  transfer  analysis  on  turbine  blades,  a 
transient  technique  involving  sudden  cooling  air  flow  shut-off  is  being  employed.  Heat  flux  measurements  on  turbine 
casing  liners  can  be  performed  with  fluxmeters  developed  by  SNIAS.  For  tracing  cooling  air  flow  paths  and  evaluating 
film  cooling  effectiveness,  using  the  analogy  between  heat  and  mass  transfer,  the  rig  is  designed  to  allow  gas  sampling 
with  chromatographic  analysis  of  gas  concentrations. 

It  must  be  realized  that  the  extent  of  the  instrumentation  used  causes  some  changes  in  comparison  with  the 
actual  engine  situation  such  as,  for  instance,  wider  spacing  between  blade  rows.  Another  limitation  which  must  be 
recognized  is  the  rather  low  operating  pressure  of  the  combustor,  whose  outlet  conditions  may  alter  in  the  actual 
core  engine  situation.  This  comment  underlines  the  author’s  opinion  that  MINOS  will  at  least  help  to  bridge  the  gap 
between  classical  component  rig  testing  and  experimental  investigations  under  real  engine  environmental  conditions. 

From  the  measurements  already  made  and  described  in  these  two  papers,  it  is  evident  that  MINOS  has  the  capability 
to  make  a major  contribution  to  solving  future  high-temperature  turbine  research  and  development  problems. 


3.  COOLING  TECHNIQUES  AND  HEAT  TRANSFER  INVESTIGATIONS 

3.1  Recent  Work  on  Convection-Cooled  Turbine  Blades 

Blade  cooling  is  commonly  used  in  present  military  and  civil  engines.  However,  surprisingly  little  information  is 
available  about  the  local  gas-side  and  cooling-side  heat  transfer  rate  for  different  blade  profiles  and  internal  coolant 
passage  configurations  under  actual  engine  operating  conditions.  In  order  to  distinguish  the  physical  phenomena 
occurring  under  these  conditions,  there  is  still  a fundamental  need  for  heat  transfer  investigations  on  cascades  and 
research  turbines,  as  reported  on  by  several  authors  at  this  conference.  The  following  table  summarizes  experimental 
and/or  theoretical  work  devoted  to  external  turbine  blade  heat  transfer  in  the  absence  of  boundary  layer  coolant 
injection. 


Author/Ref. 

Paper 

Investigation  Performed 

Varied  Parameters 

Comments 

J.F.  Louis 

(28) 

profile  heat  transfer  distribu- 
tion (p.h.t.d.)  for  four  tran- 
sonic blade  profiles 

outlet  Mach  number; 
incidence  angle 

shock  tunnel  cascade  rig 

D.L.  Schultz 

(31) 

p.h.t.d.  for  a high  pressure 
turbine  blade 

outlet  Reynolds  number; 
Tu  level 

short-duration  wind  tunnel 
operating  with  single-stroke 
light  piston  compression 

B.W. Martin 

(32) 

p.h.t.d.  for  PVD*  turbine 
profile 

outlet  Mach  and  Reynolds 
numbers;  Tu  level 

blades  are  shifted  into  hot  gas 
duct  and  undergi  transient 
heating 

F.J.Bayley 

(37) 

p.h.t.d.  for  high  pressure 
turbine  rotor  blade 

outlet  Mach  and  Reynolds 
numbers;  Tu  level  and  fre- 
quency 

steady  state  cascade  tests  with 
upstream  squirrel  cage  turbu- 
lence generator 

W.Kuhl 

(7) 

p.h.t.d.  for  turbine  blade  and 
cooling  effectiveness 

cooling  air  mass  flow 

test  turbine  with  slip  ring 
equipment 

H.KbhIer 

(6) 

p.h.t.d.  and  cooling  effective- 
ness for  four  cooling  con- 
figurations with  unchanged 
outer  blade  profile 

mainly  outlet  Reynolds 
number  and  cooling  air 
mass  flow 

steady  state  cascade  tests  and 
engine  measurements  on  rotor 
blades  by  means  of  thermal 
paints 

J. Francois 

Y.Le  Bot 

(5) 

(33) 

p.h.t.d.  for  internally  cooled 
NGV  behind  combustor 

no  parameter  variation 
reported 

high  temperature  turbine  rig 
“MINOS” 

A review  paper  using  these  newly  provided  heat  transfer  data  for  comparison  with  previously  published  results  by 
other  authors  appears  to  be  very  desirable.  From  the  amount  of  available  data  one  could  expect  that  some  fruitful 
incentives  for  improvements  in  heat  transfer  prediction  by  means  of  boundary  layer  theory  may  arise. 

* Prescribed  velocity  distribution. 
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One  paper,  presented  by  W.D.Morris  (38),  dealt  with  heat  transfer  in  rotating  coolant  channels  as  affected  by 
Coriolis  forces  and  rotational  buoyancy.  It  turns  out  that  the  use  of  forced  convection  data  obtained  with  stationary 
tubes  for  the  prediction  of  heat  transfer  in  rotating  tubes  can  lead  to  significant  errors  of  either  over-  or  under- 
estimations. On  the  basis  of  the  already  available  test  results  of  this  research  work,  which  has  just  started,  it  seems 
advisable  for  blade  cooling  design  engineers  to  closely  watch  the  further  outcome  of  these  investigations. 

Turbine  blade  cooling  by  means  of  a closed  thermosyphon  system  would  offer  the  advantage  of  high  internal  heat 
transfer  coefficients.  The  paper  by  R.W. Stuart  Mitchell  (13)  presented  new  experimental  investigations  for  the  stationary 
vertical,  the  stationary  inclined,  and  the  rotating  closed  thermosyphon,  with  water  and  mercury  as  working  fluid,  and 
gave  dimensionless  correlations  of  the  measurements.  The  results  suggest  that,  in  add, cion  to  the  commonly  used 
Grashof  number  based  on  gravity  acceleration,  a dimensionless  centrifugal  acceleration  term  also  has  a marked  influence 
on  the  Nusselt  number  of  the  cylindrical  tube  under  investigation. 

3.2  Film  Cooling  of  Hot-End  Components 

An  analysis  of  film  cooling  physics  for  any  practical  design  of  turbine  blades,  end  wall  elements,  stators  or 
combustor  and  afterburner  liners  is  not  yet  feasible. 

No  wonder  that  an  increasing  amount  of  research  work  is  being  done.  The  following  table  gives  a survey  of 
film  cooling  work  reported  on. 


Author/Ref. 

Paper 

Configurations 

Range  of  Thermodyn. 
Parameters 

Comments 

J.F.Louis 

(28) 

angular  injections  for  flat 
plate  streamwise  angles  1 0° , 
20°,  30°,  crosswise  angles 

0°,  30°,  50°,  70°,  90° 

blade  profile  with  various 
film-cooling  ejections 

Mao  = 0,5 

To  = 556  K 

To  = 122...  278  K 

rii  = 0,1  . . . 1,6 

exit  Mach  number  = 0,6 

To  = 450  K 

T(.  = 293  K 

shock  tunnel  with  about  1 0 ms 
steady  flow  test  time 

PcWc 

m = 

PoWc 

B.E.  Richards 

(34) 

flat  plate  with  injection 
through  double  row  of  holes 
with  30°  stream-wise 
injection  angle 

Mao  ~ 0,6 

To  = 382  K 

To  = 267  . . . 365  K 
m = 0,5  ...  1,5 

short  duration  wind  tunnel 
operating  with  single-stroke 
light  piston  compression 

J.  Francois 

(5) 

turbine  casing;  end  wall  “MINOS”  turbine  rig  conditions 

H.  Kruse 

(8) 

turbine  blade  leading  edge 
film  cooling  flat  plate 

To  = 400  K 

To  = 293  K 

rii  = 0,5  . . . 2,0 

single  blade  model  tests 

R.Best 

(17) 

slot  configuration  inside 
tube 

Mao  =0,1...  0,16 

To  = 453  . . . 500  K 

To  = 293  K 

Wg/Wo  =0,5...  1,9 

variation  of  coolant  side  Tu 

E.Le  Grives 

(36) 

single  and  multiple  row  of 
holes  with  various  stream- 
wise  and  crosswise  angles 

wide  range  of  blowing 
parameter;  thermo- 
dynamic data  not  all 
given  explicitly 

flat  plate  experiments; 
comparison  of  test  results 
with  new  analytical  prediction 
method  presented  by  the 
author 

J.F.Louis  (28)  reported  about  a very  comprehensive  experimental  program  performed  at  MIT  on  film-cooling 
configurations  mainly  of  single  and  double  line  holes  for  different  streamwise  and  crosswise  angular  injection.  The 
importance  of  these  experiments  becomes  clear  when  it  is  considered  that  most  of  the  practical  application  in 
turbines  make  use  of  injection  holes  rather  than  continuous  blowing  out  of  slots.  Substantial  research  work  on  film 
cooling  with  various  injection  hole  configurations  was  performed  about  one  decade  ago  at  the  University  of  Minnesota, 
as  reported  by  E.R.G. Eckert  at  the  1970  AGARD  PEP  Meeting,  and  at  Arizona  State  University  by  D.E. Metzger  et  al. 
These  investigations  were  made  for  very  low  mainstream  Mach  numbers  and  in  some  cases  in  the  transonic  range.  The 
temperature  ratio  between  coolant  and  mainstream  was  close  to  1 .0.  At  the  same  conference  C.Liess  reported  about 
measurements  at  VKI  downstream  of  inclined  injection  holes  which  were  taken  at  elevated  Mach  numbers  of  0,4  . . . 
0,6  but  still  with  only  small  temperature  differences.  The  present  shock  tunnel  tests  at  MIT  cover  nearly  the  full  range 
of  thermodynamic  parameters  which  occur  in  advanced  turbines.  The  overall  correlation  used  is  essentially  based  on 
equivalent  slot  width,  the  square  root  of  momentum  ratio  to  the  1.35th  power  and  the  coolant  Reynolds  number  to 
the  0.25th  power.  It  must  be  noted  that  this  correlation  describes  fairly  well  the  experimental  results  of  individual 
injection  hole  arrangements.  However,  the  attempt  to  describe  the  isothermal  efficiencies  of  the  very  different 
geometric  configurations  by  such  an  overall  correlation  parameter  leads  to  a rather  wide  scatter  of  data  and  therefore 


is  still  unsatisfactory.  It  is  interesting  to  note  that  Louis  can  align  the  effectiveness  of  hole  and  slot  configurations  by 
a simple  geometric  “mixing  area”  correction. 

The  very  high  potential  of  presently  available  test  equipment  becomes  evident  from  the  presentation  by  D.L.Schultz 
(31)  and  D.E.Richards  (34)  on  tests  with  the  so-called  Isentropic  Piston  Tunnel  at  Oxford  and  VKl,  respectively.  Film 
cooling  experiments  using  a double  row  of  holes  with  a 30°  injection  angle  were  reported  on  by  Richards.  The  test 
results  show  similar  trends  to  the  previous  investigations  by  Eriksen  and  Goldstein,  which  were  performed  under 
incompressible  flow  conditions.  So  far,  the  results  indicate  that  there  is  obviously  no  strong  influence  of  increased 
Mach  numbers.  It  must  be  borne  in  mind,  however,  that  primarily,  these  tests  should  prove  experimentally  the  linear 
relationship  between  “overall  heat  transfer  coefficient”  (based  on  difference  of  mainstream  and  wall  temperature) 
and  a non-dimensional  coolant  temperature.  Furthermore,  of  course,  Richards  demonstrates  the  capabilities  of  the 
transient  test  technique  based  on  single-stroke  isentropic  compression  rather  than  performs  any  systematic  study  on 
film  cooling  configurations. 

As  far  as  continuous  blowing  is  concerned  some  different  analytical  methods  are  already  available.  In  his  paper 
J.F.Louis  (28)  refers  to  Demiijian,  whose  mathematical  modelling  for  angular  injection  predicts  quite  well  the  film 
behavior  in  the  region  near  the  slot  injection  and  up  to  blowing  rates  at  which  boundary  layer  lift  off  occurs  and 
consequently  the  cooling  effectiveness  is  reduced. 

For  injection  through  discrete  holes,  a new  analytical  technique  was  presented  by  E.Le  Grives  (36).  It  must  be 
appreciated  that  this  paper  already  demonstrates  impressive  progress  in  theoretical  methods  for  describing  interaction 
between  mainstream  and  single  jets  and  array  of  jets  by  means  of  the  dilution  theory.  The  paper  provides  valuable 
references  to  previous  publications  by  other  authors  and  points  out  that  the  future  work  of  the  authors  will  be 
focussed  on  curvature  effects. 

Generally  speaking,  more  fundamental  experimental  data  are  obviously  needed  in  order  to  develop  computational 
methods  for  the  highly  complex  three-dimensional  flow  situation  in  the  case  of  film  cooling  with  hole  injection 
configurations  which  are  aimed  at  improved  cooling  effectiveness.  Furthermore,  this  future  work  will  have  to  simulate 
more  closely  engine  environmental  conditions,  in  order  to  study  the  effect  of  hot  gas  mainstream  flow  characteristics 
prevailing  in  turbines  behind  engine  combustors. 

In  his  paper  (17)  R.Best  draws  attention  to  the  velocity  profiles  and  turbulence  distribution  of  the  coolant  flow 
in  the  plane  just  before  entering  the  mainstream  boundary  layer,  which  he  measured  for  different  slot  widths.and 
for  a wide  range  of  blowing  rates.  He  shows  that  there  is  an  adverse  effect  of  the  entering  coolant  turbulence  upon  film 
cooling  effectiveness.  This  effect  is  more  pronounced  for  coolant  to  mainstream  velocity  ratios  W^/Wq  = 1 . His 
semi-empirical  model  fairly  well  describes  the  observed  experimental  phenomena  of  this  type  of  tangential  slot  film 
cooling. 

Rather  little  is  known  about  the  interaction  of  film  cooling  jets  with  the  mainstream  boundary  layers  of  turbine 
blade  or  vane  leading  edges,  which  have  to  withstand  the  highest  thermal  loading.  H. Kruse  (8)  reported  about  boundary 
layer  measurements  using  a minature  temperature  probe  in  the  vicinity  of  a turbine  blade  leading  edge  simulated  by  a 
single  airfoil  mounted  in  a small  tunnel  with  adjustable  flexible  walls.  From  these  investigations,  it  becomes  evident 
that,  for  differently  angled  injection  hole  arrangements,  there  is  a strong  influence  of  the  coolant  blowing  rate  upon  the 
local  cooling  effectiveness.  Furthermore,  it  is  shown  that  any  changes  in  the  stagnation  point  severely  affect  the  cooling 
performance  when  there  is  only  one  row  of  holes  near  the  leading  edge. 

3.3  Transpiration  Cooling 

L.S.Han  (11)  presented  a paper  on  the  analytical  studies  being  conducted  at  Ohio  State  University  on  the  influence 
of  transpiration  cooling  on  turbine  blade  boundary  layers.  The  authors  described  a method  by  which  the  external 
boundary  layer  and  heat  transfer  distribution  can  be  calculated. 

The  experimental  and  theoretical  work  by  F.J.Bayley  (10)  reported  on  at  this  meeting  confirmed  again  the  very 
high  cooling  effectiveness  of  transpiration  cooled  turbine  vanes  and  blades  compared  with  other  cooled  blade  configura- 
tions. He  also  pointed  out  the  excellent  correlation  of  the  heat  transfer  aspects  pertaining  to  the  design  of  transpiration 
cooled  components.  In  his  paper  A.W.H.Morris  (12)  reported  on  the  experimental  evaluation  of  a transpiration  cooled 
nozzle  guide  vane.  The  test  program  was  conducted  to  evaluate  the  thermal  design  of  the  NGV  and  to  determine  the 
influence  of  the  transpiring  flow  on  stage  efficiency.  Cascade  tests  and  a single  stage  high  temperature  turbine  test 
rig  were  utilized  in  this  program.  The  vanes  used  in  this  evaluation  consist  of  a POROLOY  porous  metal  airfoil, 
diffusion  bonded  to  the  main  structural  element.  The  cascade  and  engine  test  results  demonstrated  again  the  uniformity 
in  airfoil  metal  temperatures  and  the  high  effectiveness  of  transpiration  cooled  blades  and  vanes.  On  the  mechanical 
aspects  of  transpiration  air  cooled  blades,  the  authors,  on  the  basis  of  the  single  stage  rig  tests,  conclude  that  the 
uniformity  in  airfoil  metal  temperatures  possible  with  transpiration  cooled  blades  and  vanes  will  result  in  reduced 
thermal  stresses  and  propensity  to  thermal  cracking.  Their  test  results  lead  them  to  believe  that  pore  blockage  of  the 
transpiration  cooled  airfoil  structure  is  not  a significant  problem.  In  addition,  inadvertent  exposure  of  the  turbine  to 
foreign  object  damage  showed  extensive  maltreatment  of  the  transpiration  cooled  blades  could  be  tolerated  without 
disastrous  consequences.  All  the  above  mechanical  characteristics  of  transpiration  cooled  blades,  confirm  the  test 
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results  noted  earlier  by  another  author  and  presented  at  the  36th  PEP  Meeting  in  Florence,  Italy,  in  1970.  In  noting 
the  quality  of  the  transpiration  cooled  vanes  of  the  current  paper  and  the  quality  of  the  vanes  of  the  earlier  reported 
work,  it  is  obvious  that  significant  strides  have  been  made,  over  the  past  seven  years,  on  the  fabrication  aspects  of 
transpiration  cooled  structures. 

As  regards  the  performance  aspects,  the  authors  presented  cascade  data  on  profile  loss  coefficient  versus  coolant 
flow  ratios  on  fully  transpiration  cooled  nozzle  guide  vanes  (NGV),  as  well  as  for  transpiration  air  cooled  vanes  with 
various  percentages  of  the  suction  surface  blocked.  Using  these  data  and  test  results  from  the  testing  of  the  vanes  in 
a single  stage  turbine  test  rig,  the  authors  then  conducted  engine  cycle  studies  comparing  the  sfc  and  thrust  relation- 
ships of  a transpiration  cooled  NGV  configuration  with  a conventionally  cooled  NGV.  On  the  basis  of  this  study,  the 
authors  concluded  that  direct  substitution  of  transpiration  cooled  NGV  offered  no  significant  performance  advantages 
over  the  higher  coolant  flow  usage  of  a conventionally  cooled  NGV  turbine  stage.  In  their  assessment  of  turbine 
efficiency  when  using  transpiration  air  cooled  NGV’s  the  authors,  in  applying  their  cascade  results  to  the  cycle  studies, 
have  defined  turbine  efficiency  according  to  the  method  outlined  by  L.Y.Goldman  of  NASA.  Consequently,  the 
derived  turbine-stage  thermodynamic  efficiency  decreases  markedly  with  increasing  coolant  flow.  The  simple  application 
of  this  efficiency  correlation  on  engine  cycle  studies,  however,  appears  to  be  inconsistent  with  the  findings  of  other 
investigators.  Additional  research  and  engine  development  testing  is  indicated  to  clarify  the  situation. 

3.4  Rotating  Disc  Heat  Transfer 

In  order  to  meet  the  requirements  of  advanced  analytical  techniques  in  the  structural  design  of  compressor  and 
turbine  discs,  improved  prediction  methods  for  steady-state  and  transient  temperature  distributions  are  necessary. 

The  solution  of  the  basic  heat-conduction  equations  for  any  geometrical  configuration  appears  to  be  no  longer  a 
problem  and  several  mathematical  routines  are  available  which  tend  to  use  effective  finite-element  methods.  This  was 
also  indicated  in  the  paper  by  M.Caprili  (39).  It  gives,  however,  details  of  a different  mathematical  approach  to  disc 
temperature  calculation  in  the  case  of  prescribed  surface  heat  transfer  coefficients.  Furthermore,  the  paper  demonstrates, 
in  a parametric  study,  the  effect  of  disc  heat  transfer  coefficient  and  coolant  mass  flow  on  radial  temperature  distri- 
butions in  a typical  turbine  disc. 

In  a general  comment,  it  must  be  stated  that,  for  several  rotating  disc  arrangements,  the  analytical  methods  for 
calculation  of  the  heat  transfer  boundary  conditions  are  often  based  on  rough  empirical  methods.  It  can  be  said  that 
past  progress  in  this  field  of  heat  transfer  research  has  not  kept  pace  with  fast  heat  conduction  solution  procedures  which 
are  nowadays  being  widely  used.  Therefore,  it  must  be  appreciated  that  one  paper  by  J.M.Owen  (14)  was  devoted 
solely  to  the  very  problem  of  heat  transfer  from  turbine  and  compressor  discs.  Whereas  several  previous  publications 
have  already  dealt  with  different  rotating  disc  and  cavity  arrangements,  this  paper  in  particular  presents  heat  transfer 
measurements  for 

(a)  the  situation  of  central  axial  throughflow  and 

(b)  the  situation  of  radial  outflow  of  coolant 
between  co-rotating  discs. 

The  experiments  reveal  strong  vortex  breakdowns  for  the  situation  (a)  and  identify  different  heat  transfer  regimes 
for  the  situation  (b).  Judging  from  the  present  results,  the  author’s  concluding  view  must  be  shared  that  much  more 
research  work  is  necessary  for  establishing  theoretical  or  even  empirical  prediction  methods. 


4.  EFFECT  OF  TURBINE  COOLING  ON  AERODYNAMIC  PERFORMANCE 

From  the  angle  of  aerodynamic  losses,  the  most  attractive  blade  profile  position  for  ejection  of  cooling  air  is  seen 
to  be  the  trailing  edge  of  the  blade.  O.Lawaczeck  (30)  presented  cascade  wake  flow  measurements  in  a wide  range  of 
downstream  subsonic  to  supersonic  flow  conditions.  The  experimental  results  provide  basic  turbine  design  data  in 
terms  of  downstream  flow  angles  and  loss  coefficients  for  this  type  of  coolant  ejection. 

The  evaluation  of  the  effects  of  film-cooled  vanes  and  blades  on  turbine  aerodynamic  performance  and  the  effect 
on  overall  cycle  thermodynamic  efficiency  was  the  subject  of  the  paper  presented  by  J.D.McDonel  (29).  The  testing 
was  done  on  ^ sin^e-stage  turbine  test  rig  which  featured  five  independent  coolant  supplies  for  independent  variations 
of  coolant-to-mainstream  temperature  ratios,  pressure  ratios,  and  mass  flow  ratios.  The  program  included  five  test 
configurations,  including  two  different  film  cooling  designs,  and  three  combinations  of  film-cooled  and  solid  airfoils. 
Test  results  were  presented  showing  the  effects  of  the  individual  and  combined  vane  and  blade  cooling  air  flow  ratios 
on  overall  stage  efficiency.  These  results  were  then  compared  with  previously  reported  analytical  methods,  and  the 
correlation  was  quite  good.  Using  the  results  of  the  turbine  rig,  McDonel  conducted  a cycle  analysis  study  program  on 
a typical  high  temperature  high-performance  core  engine  to  demonstrate  the  effects  of  cooling  air  utilization  on  overall 
engine  performance.  The  base  line  turbine  inlet  temperature  of  the  core  engine  was  1478  K (2200°  F). 

The  results  of  this  study  were  presented  in  parametric  form,  showing  how  engine  output  and  efficiency  varied 
with  cooling  air  flow  usage  for  various  increases  in  turbine  inlet  temperature.  This  paper  clearly  demonstrates  the 
potential  cycle  performance  gains  resulting  from  increases  in  engine  cycle  temperatures.  In  addition,  it  also  points  out 
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that,  if  the  cooling  is  inefficient,  the  iricreased  coolant  flow  lates  and  film  injection  losses  can  erode  the  potential  cycle 
performance  gains  very  rapidly.  Curves  were  presented  which  showed  specific  limits  which  must  be  placed  on  the 
coolant  flow  rate  for  specific  temperature  increases.  These  results  should  be  helpful  tc  designers  in  establishing  coolant 
flow  limits  during  engine  preliminary  design  studies.  This  paper  was  most  timely,  since  film  cooling  of  vanes  and  blades 
is  now  well  established  in  modern  aircraft  engines. 

Small  turbines  are  generally  accepted  “to  be  different”  and  to  have  their  own  problems.  During  the  last  10  to 
15  years  the  small,  cooled,  axial-flow  turbine  has  been  the  subject  of  several  research  programs.  H.F.Due  (4)  presented 
a very  useful  review  paper  on  the  special  aspect  of  the  aerodynamic  performance  of  the  small  turbine.  The  author 
presented  several  experimental  results  of  various  US-industry  and  government-sponsored  investigations  and  concluded 
that  considerable  efforts  are  still  necessary  in  order  to  improve  turbine  design  methods,  with  special  emphasis  on 
prediction  of  coolant  effects. 

Besides  the  author’s  statement,  it  is  believed  that  the  expected  better  understanding  of  aerodynamic  losses  will 
guide  new  approaches  to  cooled  turbine  designs  which  offer  still  further  potential  for  reduction  of  losses  owing  to 
adverse  interaction  between  turbine  mainflow  and  discharging  cooling  air. 


5.  COMBUSTORS  AND  AFTERBURNERS 

Investigation  of  different  liner  cooling  configurations  of  combustors  and  afterburners  of  aero  engines  was  the 
general  subject  of  the  paper  presented  by  M.Buisson  (15).  It  presents  rig  measurements  of  cooling  effectiveness  by 
means  of  the  gas  analysis  technique  and  the  application  of  thermal  paints  and  outlines  the  basic  features  of  a simplified 
analytical  approach  which  is  being  used  for  predicting  the  wall  temperature  of  combustors  and  afterburners.  Furthermore 
the  advantage  of  combustor  liner  sandwich  design,  which  employs  effective  convection  cooling  before  coolant  ejection 
takes  place,  is  emphasized. 

J. Winter  (16)  discussed  various  practical  solutions  for  combustor  cooling  problems  typically  associated  with  a 
reverse-flow  annular  combustor  and  with  a cylindrical  flame  tube  combustor  operating  in  a regenerative  gas  turbine 
engir  e.  This  paper  is  mostly  devoted  to  the  very  typical  development  problems  combustion  engineers  are  faced  with, 
when  component  life  has  to  be  increased  or  more  potential  for  engine  uprating  is  necessary.  The  subject  of  this  paper 
is  seen  to  be  very  suitably  placed  in  this  “High  Temperature  Problems”  conference,  the  intention  of  which  is,  on  the 
one  hand,  to  cover  the  wide  scope  of  present  scientific  research  work  and,  on  the  other  hand,  to  deal  with  application 
problems  which  influence  the  direction  of  future  research  work. 

A topical  area  of  combustor-related  research  work  is  the  development  of  analytical  models  which  describe  exhaust 
species  concentrations  as  well  as  overall  combustor  performance.  The  paper  of  W.P.Jones  (40)  et  al.,  presented  by 
C.H.Priddin,  dealt  with  measurements  of  species  concentrations  and  velocities  in  a small-scale  research  combustor,  these 
being  compared  with  predictions  of  their  mathematical  model  of  chemically  reacting  flow  which  uses  finite-difference 
equations.  The  present  status  of  this  model  describes  the  profiles  of  fuel/air  ratios  and  UHC  concentrations  quite  well, 
but  exhibits  shortcomings  in  the  prediction  of  CO  concentrations  along  the  combustor  axis.  The  authors  discuss 
possible  approaches  to  overcome  the  present  limitations  in  future  developments  in  the  model.  Without  doubt,  some 
of  these  improvements  can  be  easily  incorporated  into  the  existing  mathematics  as,  for  instance,  a modified  probability 
function  or  an  additional  reaction  mechanism  for  NOX  formation. 

The  authors  regard  the  introduction  of  adequately  prepared  fuel  breakdown  physics,  with  model  capabilities 
to  describe  ignition  and  extinction  limits,  as  a rather  more  longterm  development.  Hesitation  may,  therefore,  be 
justified  in  sharing  the  optimism  expressed  in  the  authors’  concluding  statements  which  suggest  that  only  a little 
further  development  is  necessary. 

Alternative  aviation  fuels  under  consideration  for  future  aircraft  engines  will  influence  especially  the  combustor 
system  design.  The  paper  by  L.Martorano  (18)  deals  with  Hj-air  combustion  in  a coaxial-stream  cylindrical  combustor 
up  stream  of  a small  single-stage  research  turbine  featuring  variable  nozzle  guide  vanes. 

The  primary  zone  air  loading  of  the  combustor  can  be  varied  by  movable  inlet  baffles  and  testing  has  been  done 
over  a wide  range  of  fuel/air  ratios,  but  no  specific  details  of  combustor  measurements  are  given.  It  can  be  expected 
that  the  impact  of  alternative  fuels  on  engine  combustor  design,  as  well  as  on  cooling  techniques,  will  attract  increasing 
interest  in  future  high  temperature  turbines.  In  this  sense,  the  subject  of  this  paper  is  believed  to  be  also  of  considerable 
importance  for  future  High  Temperature  conferences. 

The  last  paper  of  the  combustion  session  was  devoted  to  the  severe  problem  of  low-frequency  combustion  in 
mixed-flow  afterburners  known  as  rumble  or  chugging.  F.N.Underwood  (19)  categorised  the  several  possible  mechanisms 
which  are  normally  seen  to  cause  or  regulate  this  special  phenomenon.  The  paper  gives  a status  report  on  a research 
project  which  is  aimed  at  developing  a reliable  empirical  and  analytical  model  to  aid  afterburner  design. 

The  experimental  rig  test  data  presented  identify  airflow  dynamics  and  fuel  distribution  as  main  rumble  contributors 
and  the  overall  mathematical  model  of  the  augmentor  system  is  shown  to  already  predict  typical  rumble  conditions. 
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Improvements  by  incorporation  of  a more  adequate  combustion  model  are  necessary  and  were  announced  by  the 
author. 


6.  HIGH  TEMPERATURE  MATERIALS  AND  COATINGS 

Six  papers  were  given,  discussing  the  properties,  characteristics,  and  selection  of  materials  for  use  in  hot  section 
components  operating  at  high  turbine  inlet  temperatures.  G.M.Ault  (3)  presented  a very  comprehensive  survey  on  the 
status,  progress,  and  future  potential  of  advanced  processes,  materials,  and  coatings  currently  under  development  by 
the  gas  turbine  community  for  advanced  high  temperature  engines.  As  noted  in  previous  papers  (12,  29),  significant 
payoff  in  engine  performance  can  be  achieved  by  minimizing  the  amount  of  cooling  air  used.  Thus,  the  development 
of  advanced  materials  and  coatings,  together  with  the  development  of  improved  cooling  techniques  are  keys  to 
realizing  the  full  performance  benefits  of  the  high  temperature  gas  turbine.  In  his  paper,  Ault  (3)  also  predicted  that 
pre-alloyed,  powder-metallurgy-processed  super  alloys  will  afford  increased  strength  and  fabrication  cost  benefits, 
especially  for  turbine  discs.  Oxide  dispersion  strengthened  alloys  for  use  in  vanes  and  combustor  components  show 
at  least  90°C  (160“F)  higher  use  temperature  potential  than  conventional  sheet  materials.  Ceramics  offer  the  highest 
use  potential,  in  the  order  of  1400°C  (2600°F),  of  all  materials.  Good  progress  in  solving  some  of  the  problems  inherent 
in  ceramic  components  is  reported  on  SiC  and  SiN4  materials.  Directional  structures  offer  a major  improvement 
potential  over  the  best  conventionally  cast  super  alloys.  D.S.  eutectic  alloys  appear  to  offer  as  much  as  80°C  (150°F) 
use  temperature  advantage.  Refractory  fiber-reinforced  super  alloys  afford  potentially  the  highest  use  temperature 
capability  of  current  super  alloys.  The  advances  in  the  development  of  more  effective  coatings  for  advanced  super 
alloys  were  presented,  comparing  the  effectiveness  of  aluminide  coatings  with  the  more  advanced  PVD,  Co,  Cr,  Al,  Y, 
aluminized  Ni,  Cr,  Al,  Si  and  the  Pt-Al  systems.  Tailoring  the  coating  to  the  substrate  is  vital  for  optimum  effectiveness. 
Such  tailoring  can  most  readily  be  achieved  with  the  PVD*  process.  Insulating  refractory  coatings  show  potential  in 
providing  an  effective  thermal  barrier  on  blades  and  vanes.  Ceramic  coatings  in  the  order  of  0.2S  mm  (.010  in.)  thick 
on  a typical  core  engine  study  showed  an  eightfold  reduction  in  cooling  air  flow  and  a 1 10°C  (220°  F)  reduction  in  vane 
metal  temperatures.  Furthermore,  the  predictions  are  that  a thermal-barrier-coated,  convection  cooled  blade  would  be 
as  effective  as  a full  coverage  film  cooled  blade  in  view  of  the  reduced  aerodynamic  losses.  Naturally,  many  problems 
involving  cost,  fabrication,  and  material  property  characteristics  must  be  solved  before  these  advanced  materials  and 
concepts  can  be  used  in  the  hot  section  of  engines. 

In  outlining  the  trends  toward  improved  high  temperature  materials,  Ault  (3)  also  stressed  the  potential  improve- 
ments in  material  properties  afforded  by  directionally  solidified  composites.  H. Bibring  (20)  reviewed  the  progress  of 
the  ONERA  developed  family  of  refractory  D.S.  materials.  Material  properties  of  COTAC  74  are  compared  with  similar 
properties  of  IN  100  material,  showing  the  improved  high  temperature  characteristics  of  the  COTAC  74  over  IN  100 
material  in  the  1000  K metal  operating  temperature  range.  For  increased  corrosion  protection,  COTAC  74  can  be 
protected  by  the  coating  DE  77  presented  by  Ph.  Galmiche  (22).  Progress  on  the  development  of  COTAC  74  has  been 
sufficient  tc  justify  testing  blades  in  an  actual  engine.  On  the  basis  of  the  work  done  so  far,  the  authors  claim  that  the 
increased  temperature  properties  of  COTAC  74  can  be  immediately  exploited  in  the  field  of  uncooled  turbine  con- 
figurations. However,  more  development  efforts  are  required  to  apply  this  material  to  air-cooled  blade  configurations. 

A very  interesting  paper  was  presented  by  A.D.Davin  (23)  on  the  development  and  experience  of  overlay  coatings 
for  the  protection  of  cobalt-based  alloys  from  hot  corrosion.  He  points  out  the  limitation  of  diffusion-type  coatings 
in  providing  good  oxidation  protection,  but  stated  these  coatings  lack  the  ability  to  adequately  control  sulphidation  or 
hot  conosion.  Furthermore,  diffusion  coatings  applied  to  directionally  solidified  or  oxide-dispersion-strengthened 
metals  may  alter  the  alloy  properties.  The  overlay  coatings,  of  the  Co/Ni  Cr-Al-Y  type,  eliminate  most  of  the  dis- 
advantages of  the  diffusion  coatings,  and  have  shown  exceptional  corrosion  resistance  in  service.  The  Co/Ni-base 
overlay  coatings  were  shown  to  provide  increased  protection  from  oxidation  and  corrosion  in  high  temperature  turbine 
applications.  The  individual  constituents  of  the  overlay  alloy  can  be  optimized  as  a function  of  ductility  requirements 
or  coating  process. 

The  prediction  of  the  corrosion  behavior  of  super  alloys  exposed  to  combustion  gases  is  a very  difficult  task.  The 
paper  by  U.Ducati  (21)  deals  with  the  effects  of  sulphates,  chlorines,  and  mixtures  of  them  on  the  corrosion  behavior 
of  typical  commercial  nickel  super  alloys.  In  addition,  some  experimental  alloys  and  a Co-base  super  alloy,  together 
with  a few  typical  impregnation  coatings  are  reported  on.  The  results  of  this  work  confirm  the  observation  of  Billingham 
(1973)  on  the  influence  of  thermal  treatment  on  corrosion  behavior  of  super  alloys;  the  hypothesis  of  intervention  of 
electrochemical  steps  in  hot  corrosion  has  been  advanced  and  justified. 

The  evaluation  of  a ceramic  combustion  chamber  for  a small  gas  turbine  engine  was  the  subject  of  G.Sedgwick’s 
paper  (27).  The  combustor  was  fabricated  from  hot  pressed  silicon  nitride  and  flame  sprayed  reaction  bonded  silicon 
nitrate.  The  design  of  the  combustor  was  tailored  to  take  account  of  the  lack  of  ductility  of  the  ceramic  material,  by 
utilizing  stacked  rings  for  the  flame  tube  and  a low  stressed  reverse  flow  disk.  Twelve  ceramic  components  were 
utilized  in  making  up  the  combustor  assembly.  Combustion  testing  in  excess  of  1200  K (2250°F)  turbine  inlet 
temperature  was  accomplished.  Seven  of  the  components  survived  the  seven  combustion  tests  of  approximately  5 
hours’  duration.  The  greatest  number  of  failures  occurred  on  the  two  most  complex  components,  namely  the  head 
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plate  and  rear  disc.  The  failures  of  these  components  continued  even  after  redesign  to  very  low  stress  levels,  and 
indications  were  that  a m^or  contributing  factor  was  material  inhomogenity. 

Ph.  Galmiche  (22)  presented  a very  informative  paper  on  the  ONERA  developed  coating  process,  which  permits 
the  application  of  a pack  coating  on  both  the  external  and  internal  surfaces  of  the  blades  and  vanes.  Mr.  Galmiche 
presented  micro-photographs  of  the  wide  application  of  this  new  coating  process  to  conventional  super  alloys,  as  well 
as  to  advanced  D.S.  alloys  such  as  COT AC  74  previously  described  by  Bibring  (20).  Especially  interesting  were  the 
results  of  the  DE  77  coating  applied  to  COTAC-74  D.S.  material,  which  showed  no  distress  after  500  hours  of  cyclic 
testing  to  1 130“C  (2070°F).  The  coating  method  is  applicable  to  new  parts,  as  well  as  to  parts  which  have  been 
previously  coated  by  thermochemical,  chemical  or  PVD  methods.  This  latter  point  is  important  from  a maintenance 
standpoint,  since  blades  which  show  coating  distress  during  the  overhaul  process  may  be  reprocessed  by  this  coating 
technique. 


7.  REMARKS  ON  OVERALL  ENGINE  DESIGN  AND  PERFORMANCE  ASPECTS 

Two  papers  were  addressed  to  some  overall  engine  aspects  as  seen  from  the  engine  manufacturer’s  point  of  view. 

The  paper  presented  by  J.L.Price  (24)  dealt  with  different  structure  technology  advancement  areas  that  are  dictated 
by  the  current  trend  of  high  thrust-to-weight  engines.  Furthermore,  the  author  described  details  of  a systematic  time- 
phased  development  plan,  which  included  the  implementation  of  a sophisticated  computerized  structural  analysis 
method.  Mission-related  stress  analysis  of  static  and  rotating  components  and  tip  clearance  control  of  rotor  blades, 
for  instance,  are  covered  as  important  problem  areas  for  advanced  engines,  and  prospects  are  given  for  expected  trends 
of  major  turbine  design  parameters  over  the  next  decade. 

The  paper  presented  by  E. A. White  and  M.J. Holland  (1)  dealt  with  the  influence  of  aircraft  engine  mission  profile 
and  engine  rating  on  the  service  life  of  air-cooled  high  pressure  turbine  rotor  blades,  in  particular.  This  paper  also 
illustrated  computerized  analytical  techniques  available  for  assessment  of  critical  engine  components  with  respect  to 
their  life  consumption.  The  authors  presented  some  interesting  results  of  a parametric  study  for  a military  aircraft 
engine  operating  with  an  assumed  1600  to  1800  K turbine  stator  outlet  temperature.  Some  specific  problems  of  small 
turbine  technology  were  mentioned  by  Beiaygue  (2)  who  addressed  also  some  aspects  of  overall  engine  performance  with 
respect  to  increasing  turbine  temperatures. 

Although  these  papers  gave  some  trends  of  turbine  design  requirements,  it  is  unfortunate  that,  generally, 
fairly  little  data  was  presented  on  the  overall  engine  performance  aspects,  both  theoretical  and  practical,  of  high 
temperature  gas  turbines.  It  is  understandable  that  the  engine  manufacturers  are  reluctant  to  discuss  the  overall  status 
of,  and  experience  with,  their  current  or  advanced  high  temperature  engines,  because  of  commercial  or  proprietory 
considerations.  Nonetheless,  the  conference  would  have  benefitted  if  such  a survey  had  been  presented  to  set  the  stage 
for  the  ensuing  discussions. 


8.  CONCLUSIONS 

In  summary,  it  appears  that  the  following  major  conclusions  can  be  drawn: 

(1)  This  conference  on  high  temperature  problems  in  gas  turbines.resulted  in  a successful  interchange  of  much  valuable 
technical  information  regarding  status  on  the  design  aspects  of  high  temperature  components,  and  the  potential 

of  new  concepts  in  testing,  cooling,  design,  materials  and  coating  technology  required  to  obtain  further  improve- 
ments in  performance,  cost,  reliability  and  maintenance  aspects  of  advanced  engines.  It  is  believed  that  NATO 
member  nations  participating  in  this  meeting  were  able  to  develop  a realistic  assessment  of  the  overall  current 
state  of  the  art,  as  well  as  the  future  potential  approaches  for  the  attainment  of  further  increases  in  turbine  inlet 
temperatures. 

(2)  There  was  agreement  among  the  speakers  and  those  who  participated  in  the  discussions  that  efficient  utilization 
of  the  cooling  air  used  to  maintain  proper  metal  temperatures  is  of  paramount  importance.  Futhermore,  it 
appears  that  further  increases  in  turbine  inlet  temperatures,  in  the  near  term,  will  result  from  improvements  in 
cooling  concepts  and  configurations,  combined  with  new  or  improved  higher  use  temperature  metals  and  coatings. 

(3)  Improved  film  cooling  techniques  with  adequately  developed  design  methods  are  seen  as  an  important  factor 
for  future  progress  in  high  temperature  turbines.  It  is  believed  that  improved  testing  facilities,  together  with  new 
measuring  and  analysis  methods,  can  have  considerable  influence  on  further  progress. 

(4)  Transpiration  cooling  of  blades  and  vanes  was  shown  to  be  very  effective  in  maintaining  low  metal  operating 
temperatures  with  very  low  cooling  air  flows.  However,  before  the  full  performance  benefits  afforded  by  trans- 
piration cooled  blades  can  be  realized,  further  improvements  must  be  made  on  the  allowable  operating 
temperatures  of  porous  materials.  In  addition,  a critical  review  is  required  of  the  assumptions  used  in  defining 
stage  efficiency  for  cycles  incorporating  a transpiration  cooled  turbine.  The  methods  presented  at  thB  conference 
appear  to  be  overly  pessimistic  and  in  conflict  with  earlier  published  engine  test  results. 

(5)  Better  understanding  of  the  effect  of  engine-typical  cooling  air  injection  methods  on  turbine  aerodynamics  and 
overall  engine  performance  is  needed  in  order  to  focus  research  work  on  the  reduction  of  performance  losses. 
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(6)  The  selection  of  conference  papers  dealing  with  combustor-related  problems  appears  to  highlight  the  main  fields 
for  future  development  of  this  engine  component:  liner  cooling  techniques,  application  of  ceramic  materials, 
improved  combustor  analytical  models  and  the  use  of  alternative  fuels  with  inherent  engine  design  modifications. 
The  last  subject  is  believed  to  deserve  additional  attention  in  future  conferences  on  high  temperature  turbines. 

(7)  Since  the  last  AGARD  meeting  on  high  temperature  turbines,  progress  has  been  demonstrated  in  fabrication 
technology  for  hot  section  components,  as  evidenced  by  the  sophisticated  film  cooled  blades,  the  diffusion  bonded 
transpiration  cooled  blades,  and  the  coated  hardware  examples  presented  in  some  papers  during  the  course  of  this 
meeting. 

(8)  Much  progress  has  been  demonstrated  in  achieving  the  performance  benefits  of  high  technology  in  small  gas 
turbines;  however,  further  efforts  are  required  to  reach  the  higher  performance  levels  demonstrated  in  high 
technology  large  engines. 

(9)  The  successful  interchange  of  much  valuable  technical  information  from  the  meeting,  hopefully,  will  lead  to  some 
degree  of  standardization  of  terminology  and,  hence,  result  in  an  improvement  of  communications  between  the 
technical  workers  in  this  important,  though  somewhat  specialized  field. 

9.  RECOMMENDATIONS 

(1)  This  meeting  provided  a measure  of  the  progress  made  in  technology  of  high  temperature  gas  turbines  since  the 
last  meeting,  and  provided  useful  and  timely  opportunities  for  the  exchange  of  ideas  and  information  on  advanced 
concepts  between  the  gas  turbine  specialists  of  the  NATO  countries. 

It  is  recommended  that  a future  meeting  on  high  temperature  turbines  be  held  in  4-5  years.  Using  the  present 
meeting  as  a base,  it  could  evaluate  the  progress  made  in  the  intervening  time.  It  appears  that  materials,  cooling 
and  coatings  technology  have  progressed  to  the  point  that  a significant  step  in  operating  temperatures  of  engines 
will  take  place  in  the  next  few  years. 

(2)  A change  in  format  of  the  meeting  to  include  one  or  two  half-day,  round-table  discussion  sessions  on  a specific 
subject,  problem  area  or  theory,  would  enhance  the  technical  interchange  aspects  of  the  meeting. 

(3)  As  a final  recommendation,  it  would  be  desirable,  at  a future  assemblage  of  this  eminent  group  of  specialists,  that 
a keynote  overall  survey  paper  be  given  by  an  engine  manufacturer  or  government  technical  organization  outlining 
the  specific  benefits  in  cycle  performance  or  aircraft  mission  performance  afforded  by  operating  at  high  turbine 
inlet  temperatures. 
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SUIIIIAHY 

Paraaetrlc  studies  for  the  otplaisatlon  of  an  aero  engine  for  a particular  type  of 
■liltary  requlreaent  have  generally,  In  the  past,  been  heavily  biased  In  the  direction 
of  best  perforaance  with  soae  recognition  of  thrust  = weight  trends.  In  practice  this 
led  to  a specific  choice  of  Aero/Theraodynaalc  cycle  and  this  clearly  required  that  soae 
choice  about  the  engine  rating  had  to  be  aade.  It  can  be  shown  that  the  way  an  engine 
Is  rated  and  controlled  can  have  at  least  as  auch.  If  not  considerably  more.  Influence 
on  Its  perfoiaance  levels  and  characteristics  as  Its  choice  of  cycle.  However,  If  the 
engine's  ratings  are  being  changed  then,  of  course,  so  is  Its  service  life,  particularly 
In  respect  of  the  critical  hot-end  coaponents. 

Any  engine  optlalslng  process  that  takes  place  should  recognise  that  engine  life  Is 
of  great  laportance.  The  availability  of  better  techniques  for  engine  and  aircraft 
'packaging'  and  turbine  life  analysis  has  made  It  possible  to  process  a considerable 
aaount  of  Inter-related  data  to  assist  In  the  choice  of  engine  for  a specific  aircraft 
task.  How  that  engine  would  suit  other  roles,  how  Its  service  life  would  then  be 
affected  and  how  Its  rctlngs  could  be  adjusted  to  compensate  are  all  very  Interesting 
questions  which  are  now  becoming  answerable  In  a short  enough  timescale  to  Influence 
major  policy  decisions. 

This  paper  describes  soae  of  the  techniques  and  analytical  processes  now  In  use 
for  the  definition  of  future  engine  projects  and  gives  examples  of  the  results  for  a 
range  of  allltary  aircraft  considered  In  terms  of  the  turbine  life  and  cooling  require- 
ments they  pose. 


1.  INTRODUCTION 

Traditionally  engine  manufacturers  have  done  their  best  to  produce  a design  with 
a long,  reliable  life  but  It  has  frequently  been  the  case  that  the  end  result  has  been 
a design  that  Is  "unbalanced."  That  Is  to  say,  many  components,  particularly  those 
towards  the  front  of  the  engine  where  the  operating  temperatures  are  relatively  low, 
will  last  virtually  Indefinitely,  whereas  the  critical  high  temperature  components,  and 
especially  the  high  pressure  turbine,  need  regularly  replacing  over  short  Intervals  at 
considerable  expense. 

In  all  probability  this  situation  will  always  obtain  to  some  extent  since  we  are 
dealing  with  a very  wide  spectrua  of  technological  difficulty.  However,  there  Is  no 
doubt  that  the  probleas  have  been  compounded  by  three  gaps  In  our  knowledge.  Firstly, 
a basic  lack  of  detailed  understanding  of  how  engines  are  actually  handled  In  day-to-day 
service  operation.  Secondly,  a genuine  appreciation  of  how  engines  should  be  rated  so 
that  their  thrust  characteristics  natch  the  requirements  of  the  aircraft  In  all  flight 
conditions  and,  thirdly,  the  coaputerlsed  analytical  techniques  for  examining  the 
characteristics  of  high  pressure  turbine  blades  under  the  various  stresses  of  operation. 

These  three  gaps  are  being,  or  have  been  plugged.  The  first  Is  being  met  by  the 
use  of  flight  data  recordings  on  a range  of  U.K.  military  aircraft  In  the  E.U.H.S.  pro- 
granae  (Engine  Usage  Monitoring  System).  This  la  a subject  which  would  require  a paper 
on  Its  own  account  and  Is  not  dealt  with  In  detail  here.  The  last  two  are  coalng  about 
by  developaents  In  the  state-of-the-art  and  by  an  Increasing  awareness  of  what  are  the 
■ore  appropriate  Ingredients  for  the  specification  of  a new  allltary  aircraft  so  that 
the  best  overall  cost-effective  weapon  system  Is  more  likely  to  be  procured. 

This  paper  Illustrates  these  developaents  In  analytical  procedures  with  regard  to 
air-cooled  B.P.  turbine  rotor  blade  service  lives  In  various  hypothetical  future  coabat 
aircraft  fulfilling  several  roles.  It  does  not  presume  to  cover  the  whole  field. 
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2,  PREDICTION  OF  H.P.  TURBINE  BLADE  LIFE 

The  life  prediction  method  described  Is  coitmonly  used  during  the  early  stages  of 
project  Investigations.  It  consists  of  eaplrlcal  correlations  of  the  turbine  blade 
lives  experienced  on  various  Rolls-Royce  engines  during  bench  endurance  teats  and  ser- 
vice operation.  The  fora  of  the  correlations  was  originally  obtained  from  rig  or  lab- 
oratory testing  and  theoretical  analysis. 

Three  nodes  of  failure  are  considered: 

1.  Creep  based  on  average  blade  section  stress  and  temperature 

2.  Low  cycle  fatigue  (LCF)  based  on  both  average  and  local  blade  temperatures  during 

the  'hot  hold'  part  of  the  cycle  together  with  allowance  for 
actual  blade  dimensions. 

3.  Coatini;  based  on  local  blade  hot  spot  temperature. 

The  life  consumed  for  each  failure  mode  Is  calculated  for  every  phase  of  the  mission 
and  summed  by  means  of  the  simple  linear  accumulation  of  damage  assumption  (Miner's  Law). 
The  actual  calculation  routines  were  programmed  and  carried  out  on  a C.D.C.  Cyber  74  Com- 
puter. The  study  reported  here  took  one  technical  engineer  3 days  and  required  90  runs 
totalling  minutes  on  the  computer. 

3.  ASSUMPTIONS 


The  following  data  were  assumed  constant  over  the  whole  range  of  conditions  con* 
sldered  for  this  paper. 

Turbine  details: 

Single  stage  transonic  turbine. 

Relative  hot  gas  temperature  * 0.88 

Stator  outlet  temperature. 

Combustion  radial  temperature  distribution  factor  * 0.1 

Cooling  air  temperature 

Compressor  delivery  temperature  * 1.0 

Blade  detal Is : 

Precision  cast  blade  in  IN  100  nickel  base  alloy 

Pack  Alumlnlsed  coating 

Mean  cooling  effectiveness  - 0.6 

Minimum  cooling  effectiveness  » 0.5 

Shroudless  design  with  combination  of  Internal  convection  and  external  film  cooling. 

Maintaining  all  the  above  details  constant  reduced  the  number  of  variables  Involved 
and  enabled  us  to  concentrate  on  those  quantities  of  direct  Intei^est  for  the  present 
study  l.e.,  engine  rating  and  mission  profile.  Even  so  It  was  uecessary  to  examine  the 
results  from  45  engine  rating/mission  combinations  each  of  which  was  run  at  two  L.C.F. 
frequencies , 

Blade  stress  and  size  were  varied  from  engine  to  engine  as  shown  In  Table  1.  During 
each  mission  stresses  were  assumed  to  vary  In  proportion  to  the  square  of  the  H.P.  spool 
speed . 

The  assumption  of  constant  cooling  effectiveness  Implies  a fixed  blade  design  scaled 
from  one  engine  to  another  by  the  linear  scale  factor  given  In  Table  1.  Local  blade 
metal  thickness  was  also  scaled  and  allowance  was  made  for  the  effect  of  wall  thickness 
on  creep  and  L.C.F.  life. 

4,  MISSION  PROFILES 

It  Is  a statement  of  the  obvious,  but  only  when  it  has  been  made,  that  the  service 
life  requirement  for  a warplane  applies,  In  fact,  to  peace-time  operation,  which  Is  the 
norm.  We  therefore  have  to  contemplate  the  posslbllty  of  a somewhat  paradoxical  situa- 
tion where  the  aircraft  specification  defines  a war-time  capability  In  which  the  rate  of 
engine  usage  may  be  less  severe  than  In  peace-time  practice  missions.  This  Is  because 
the  operational  sortie  will  generally  contain  a proportion  of  throttled-back  engine 
operation  with  low  life  consumption  In  the  phases  of  cruise  to  and  from  the  FEBA*.  Peace- 
time training  missions  can  often  be  of  shorter  duration  and  contain  a larger  proportion 
of  high  engine  ratings  which  consume  life.  In  addition,  more  than  one  simulated  opera- 
tional manoeuvre  may  be  made  la  one  training  mission  so  that  the  degree  of  difficulty  Is 
compounded.  Hence,  any  examination  of  engine  service  life  must  consider  the  peace-time 
case  where  cost  effectiveness  Is  of  great  Importance  and  In  war-time  we  nay  reasonably 
assume  that  operational  effectiveness  takes  precldence  over  all  other  factors. 

* Forward  edge  battle  area 


-■irf 
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For  the  purpose  of  this  paper  five  mission  profiles  have  been  examined,  three  in 
war-time  and  two  corresponding  ones  in  peace-time.  The  details  of  these  are  given  in 
Table  3.  Each  mission  is  broken  up  into  phases  of  flight  which  define  a period  of  opera- 
tion at  a certain  value  of  engine  inlet  total  temperature  (T^).  This  parameter  is  a key 
factor  in  determining  the  level  of  turbine  entry  temperature'*’**  at  which  the  engine  is 
operating.  Certain  missions  contain  a proportion  of  the  time  which  is  neither  at  max- 
imum engine  rating  nor  is  it  throttled  back  far  enough  so  as  to  be  non  life-consuming. 

In  these  cases,  this  part  of  the  flight  time  has  been  converted  Into  an  equivalent  time 
which  is  of  the  same  total  duration  but  is  made  up  of  operation  at  maximum  rating  plus 
operation  at  non  life-consuming  ratings. 

In  general  the  peace-time  sorties  tend  to  be  shorter  and  quite  substantial  differ- 
ences are  exhibited  between  peace-time  and  war-time  in  the  proportion  of  high  life- 
consuming engine  ratings.  Air  superiority  can  represent  a more  arduous  role  in  peace- 
time than  in  war  and  ground  attack  can  be  the  opposite.  The  interceptor  mission  is 
probably  the  most  arduous  of  all. 

Although  the  missions  for  the  various  aircraft  roles  can  be  fixed  with  some  con- 
fidence, the  L.C.P.  frequency  requlremenvs  for  the  various  missions  are  less  certain. 

We  therefore  decided  to  include  two  frequencies,  namely  2 and  6 major  cycles  per  hour, 
and  Ignored  minor  cycles. 

5.  ENGINE  RATINGS 

In  order  to  Illustrate  the  differences  in  life  predictions  that  can  occur  with 
di  ferent  ways  of  rating  a given  engine  or  with  different  engine  cycles  a suitable  range 
of  engine  data  has  been  examined  for  the  paper.  These  data  are  by  no  means  exhaustive 
and  omit  a consideration  of  how  a method  of  rating  and/or  choosing  the  most  appropriate 
thermodynamic  cycle  of  an  engine  will  actually  fit  the  precise  thrust  requirements  of  a 
given  aircraft.  This  is  a very  complicated  subject  in  its  own  right  and  involves  quite 
subtle  considerations  of  the  relative  merits  of  various  important  factors.  For  example, 
if  the  war-time  performance  requirements  of  a very  high  capability  fighter  aircraft  are 
met  or  even,  perhaps,  exceeded  then  in  peace-time  such  an  aircraft  may  spend  a great  deal 
of  time  of  low  engine  throttle  settings  and  may  therefore  have  a longer  life  than  if  the 
original  specification  was  only  partly  met.  We  thus  enter  into  an  initial  cost  versus 
replacement  parts  cost  argument 

Suffice  to  say  that  the  data  used  will  Illustrate  certain  important  trends  within 
the  constraint  of  a manageable  total  of  actual  numbers  used.  The  data  are  given  in 
Table  2 for  the  various  engines  and  ratings  shown  in  Figure  1.  Basically  we  are  trying 
to  show  the  effect  of  rating  a given  engine  referred  to  as  engine  *'2”  in  five  different 
ways  with  either  constant  S.O.T.  operation  above  T^  = 288  K or  rising  S.O.T.  above  T^  = 
288”k  such  tuat  S.O.T.:  T^  remains  constant,  subject  to  an  absolute  maximum  cut-off 
limit.  In  addition  four  other  new  engine  cycles  have  been  selected  simply  to  illustrate 
the  effect  of  some  200^C  difference  in  peak  S.O.T.  at  constant  overall  compression  ratio 
together  with  the  effect  of  reducing  compression  ratio  from  28  to  16  at  essentially  con- 
stant S.O.T.  For  the  purpose  of  this  paper  these  four  engines  have  been  rated  in  a 
similar  way  i.e. , S.O.T.  rising  with  inlet  temperature  subject  to  a maximum  cut-off 
value.  Any  slight  difference  in  these  rules  is  accounted  for  by  the  fact  that  the 
engine  data  were  drawn  from  existing  information.  The  differences  are  so  small,  in  any 
case,  so  as  not  to  invalidate  the  overall  conclusions. 


6.  RESULTS  OF  THE  STUDY 

The  combination  of  9 engine  ratings,  5 missions  and  2 L.C.F.  frequencies  generated 
a large  volume  of  computer  output  in  terms  of  service  life  predictions  for  the  three 
failure  modes.  In  what  follows  we  have  therefore  concentrated  on  the  more  Important 
trends  which  emerged. 


6. 1 Blade  Temperatures 


Turbine  blade  life  is  very  sensitive  to  blade  temperatures  which  are  in  turn  deter- 
mined by  the  values  of  cooling  effectiveness  assumed. 


Figures  2 and  3 show  the  variation  of  blade  temperatures  with  stator  outlet  temper- 
ature (S.O.T.)  and  compressor  delivery  temperature  Figure  2 gives  the  blade  peak 

or  hot  spot  temperature  while  Figure  3 gives  the  mean  blade  temperature.  Each  engine 
rating  is  Identified  as  a single  line  on  each  figure. 


It  can  be  seen  that  the  slopes  of  the  lines  of  constant  S.O.T.  and  T^  are  of  similar 
magnitude,  implying  that  blade  temperatures  are  equally  sensitive  to  compressor  delivery 
and  stator  outlet  temperatures.  This  is  due  to  the  assumption  of  cooling  effectiveness 
values  around  the  0.5  region. 


**  The  term  'turbine  entry  temperature*  has  in  the  past  been  used  to  denote  both  the 
combustion  chamber  exit  temperature  and  the  H.P.  turbine  stator  outlet  temperature, 
which  could  be  about  50^K  lower.  To  avoid  confusion  in  this  paper  we  will  hereafter 
use  the  term  'Stator  outlet  temperature*  (S.O.T.) 
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As  night  be  expected,  the  1800  X engine  has  the  highest  blade  tenperature  and  the 
1600^K  engine  the  lowest.  The  relatively  low  blade  temperature  for  the  low  pressure 
ratio  engine  are  worthy  of  note,  they  stem  fron  the  low  compressor  delivery  temperature 

(Tj). 

6 . 2 Effect  of  Engine  Rating  on  Life 

A fixed  engine  E was  employed  to  study  the  effect  of  varying  the  rating  method. 

Five  ratings  were  investigated  and  are  identified  as  81  to  85.  The  variation  in  blade 
temperature  for  the  various  ratings  (Figures  2 and  3)  produces  a narked  variation  In 
life  in  all  three  failure  modes.  This  is  shown  on  Figure  4 for  the  chosen  war-time  air 
superiority  mission  for  all  five  ratings. 

The  effect  of  varying  S.O.T.  for  a fixed  method  of  rating  was  Investigated  by 
analysing  three  different  engines  Identified  as  "1800,  1700  and  1600".  A fourth  variant 
engine  "1800  LPR"  was  included  to  indicate  the  importance  of  overall  cycle  pressure 
ratio.  Again  a narked  variation  in  life  Is  found  between  these  4 engines  and  this  is 
illustrated  in  Figure  5 for  the  chosen  war-time  air  superiority  mission. 

Figures  4 and  5 both  show  blades  lives  falling  exponentially  with  increase  in  the 
peak  S.O.T.  value.  The  LCF  lives  are  lowest  indicating  that  this  would  be  the  failure 
mode  predicted  for  engines  spending  all  their  time  flying  this  particular  mission, 
irrespective  of  the  rating  method  adopted. 

Comparing  Figures  4 and  5 it  can  be  seen  that  creep  life  falls  more  rapidly  on  the 
former,  this  is  due  to  the  significant  increase  in  H.P.  spool  speed  and  blade  stress 
that  occurs  with  the  increasing  S.O.T.  for  the  8 engine.  For  the  engines  "1800,  1700, 

1600  and  1800  LPR,"  blade  stresses  are  very  similar  at  the  high  S.O.T.  levels  where 
creep  life  consumption  is  greatest. 

The  general  similarity  between  Figures  4 and  5 indicates  that  for  the  chosen  war- 
time air  superiority  mission  blade  life  is  sensitive  mainly  to  peak  S.O.T.  on  the  S.O.T. 
vs.  T^  rating  curves  (Figure  1)  and  not  so  sensitive  to  the  actual  shape  of  the  curve. 
This  result  holds  for  all  three  war-time  missions  examined  and  also  the  peace-time 
ground  attack  mission.  Only  the  chosen  peace-time  air  superiority  mission  is  sensitive 
to  the  shape  of  the  rating  curve.  This  latter  mission  Is  the  only  one  to  spend  a sign- 
ificant proportion  of  its  flight  time  consuming  life  at  low  ratings.  The  former  four 
missions  exhibit  the  common  feature  that  their  maximum  life  consumption  occurs  at  high 
T^  values  where  the  S.O.T.  vs.  T^  rating  curves  are  all  relatively  flat. 

Thus  our  selection  of  mission  profiles  has  in  most  cases  nullified  the  weaker 

effect  of  the  shape  of  the  engine  rating  curve  and  blade  life  has  become  primarily  a 

function  of  peak  S.O.T. 

The  increase  In  life  for  the  low  pressure  ratio  engine  "1800  LPR,"  shown  in  Figure 
5 is  most  marked  for  the  creep  failure  mode.  The  lower  LCF  lives  however,  make  this 
large  creep  Improvement  academic.  The  relatively  long  coating  lives  shown  in  Figures 
4 and  5 will  in  practice  be  considerably  shortened  by  erosion,  a potential  failure  mode 
for  long  life  blades  which  has  been  ignored  in  this  study.  The  low  pressure  ratio  engine 

thus  offers  a modest  but  useful  Improvement  in  LCF  life. 

6 . 3 Effect  of  Mission  on  Life 

The  results  obtained  showed  that  for  all  three  failure  modes  the  effect  on  blade 
life  of  varying  the  mission  was  broadly  similar  for  all  engine  ratings.  This  is  shown 
in  Figures  6 and  7. 

To  isolate  the  effects  of  varying  mission  the  lives  of  these  two  figures  have  been 
normalised  by  expressing  the  lives  for  each  failure  node  relative  to  the  life  of  that 
same  mode  for  the  war-time  air  superiority  mission.  Note  however,  that  the  actual  lives 
for  this  latter  mission  do  vary  considerably  with  S.O.T.  and  engine  ratings  as  shown 
earlier  in  Figures  4 and  5. 

Figure  6 combines  the  results  for  all  engine  ratings  having  similarly  shaped  rating 
curves  (83  to  85,  "1800,  1700,  1600  and  1800  LPR").  Figure  7 contains  just  the  two 
ratings  81  and  82  which  are  much  flatter  than  the  other  rating  curves  in  Figure  1. 

Figures  6 and  7 both  show  that  whereas  mission  exerts  a strong  effect  on  creep  and 
coating  lives  the  effect  on  the  more  important  LCF  lives  is  much  weaker. 

The  war-time  interceptor  mission  gives  the  shortest  creep  and  coating  lives.  Life 
consumption  for  these  two  modes  depends  on  time  at  temperature  and  the  war-time  inter- 
ceptor miasion  produces  the  most  adverse  combination  of  time  vs.  T.  and  hence  also  vs. 
S.O.T.  and  T^  for  all  engine  ratings.  This  drop  in  creep  and  coating  life  for  the  war- 
time interceptor  means  that  these  two  failure  modes  become  limiting  for  this  mission. 

Table  4 shows  how  the  life  limiting  failure  mode  depends  upon  the  particular  combin- 
ation of  mission  and  engine  rating.  Except  for  the  war-time  interceptor  mission  LCF  is 
the  dominant  failure  mode.  The  major  importance  of  LCF  emphasises  the  need  to  be  able 
to  define  the  cycle  frequency  requirements  for  the  various  missions  much  more  precisely 
than  we  can  at  present.  Current  lack  of  knowledge  in  this  area  impairs  the  ability  to 
predict  service  life  for  turbine  blades. 
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The  relative  insensitivity  of  LCF  life  to  mission  shown  in  Figures  6 and  7 is 
attributed  to  our  assumption  of  constant  LCF  frequency  plus  the  fact  that  at  6 cycles 
per  hour  the  bulk  of  the  LCF  cycles  are  experienced  at  high  where  the  rating  curves 
are  all  relatively  flat.  This  effect  is  further  reinforced  in  Figure  7 by  the  flatness 
of  the  SI  and  S2  rating  curves  over  most  of  the  range. 

The  major  difference  between  Figures  6 and  7 centres  on  the  peace-time  air  super- 
iority mission.  This  mission  spends  a larger  proportion  of  life  consuming  time  at  the 
lower  T.  ratings.  This  mission  therefore  shows  a significant  fall  in  relative  life  for 
the  flatter  rating  curves  81  and  82  of  Figure  7 when  compared  with  Figure  6. 

6 . 4 Effect  of  Improved  Cooling  on  Life 

The  major  interest  here  is  in  Increasing  the  LCF  life  since  this  is  likely  to  be 
the  most  common  failure  mode.  LCF  failures  have  been  assumed  to  occur  at  the  blade  hot 
spot,  Increasing  the  cooling  effectiveness  here  by  0.1  would  give  around  a ten-fold  in- 
crease in  blade  life  provided  of  course  that  the  creep  mode  does  not  then  become  limiting. 
An  increase  of  this  size  in  the  local  cooling  effectiveness  would  represent  a drop  in 
blade  hot  spot  temperature  of  around  70^C  and  an  increase  in  cooling  air  flow  of  0.5-1% 
of  the  turbine  mass  flow.  Thus  the  benefits  of  increased  life  would  have  to  be  weighed 
against  a possible  loss  of  engine  performance. 

7.  ENGINE  COMPARISON 

Leading  parameters  for  all  the  four  engines  studied  are  listed  in  Table  5.  Host  of 
the  data  is  expressed  in  relative  terms  with  engine  *'1600"  as  datum.  All  engines  were 
in  fact  sized  to  meet  common  requirements. 

Although  it  is  not  the  object  of  this  paper  to  recommend  the  optimum  engine  solution 
it  can  be  seen  that  the  benefits  of  reduced  engine  size  and  weight  that  come  with  high 
S.O.T.  are  obtained  at  the  cost  of  a severe  drop  in  H.P.  turbine  life. 

8.  CONCLUSIONS 

This  paper  has  concentrated  on  the  effect  of  engine  rating  method  and  mi ss ion  on  H . P . 
turbine  blade  life  as  an  illustration  of  the  type  of  techniques  now  available  for  use 
in  project  studies  to  Investigate  the  effect  of  numerous  engine  parameters  on  life. 

The  following  conclusions  relate  to  the  particular  conditions  selected  for  this 
paper : 

1.  For  aircraft  missions  which  spend  the  largest  proportion  of  time  at  high  T^,  the 
failure  mode  is  either  creep  or  coating. 

2.  For  aircraft  missions  which  spend  relatively  less  time  at  high  T the  failure  mode 

is  LCF.  ^ 

3.  The  most  common  failure  mode  is  LCF  and  in  this  mode  life  is  relatively  insensitive 
to  the  mission  flown  at  the  higher  cycling  frequencies  which  are  more  likely  to  be 
typical  of  actual  operation. 

4.  Our  current  lack  of  knowledge  regarding  the  number  of  LCF  cycles  experienced 
during  the  various  aircraft  missions  limits  our  ability  to  predict  blade  service 
life. 

5.  Blade  life  is  highly  dependent  on  peak  S.O.T.  on  the  rating  curve.  The  actual 
shape  of  the  curve  is  relatively  unimportant  for  most  missions  since  life  consump- 
tion is  dominated  by  the  flat  rated  high  inlet  temperature  cases. 

6.  Blade  life  is  highly  dependent  on  cycle  pressure  ratio  for  creep  life,  but  less  so 
for  the  more  common  LCF  failure  mode. 
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H.P.  TURBINE  BLADE  LIFE  LIMITING  FAILURE  MODES 
LCF  FREQUENCY  - 6 CYCLES  PER  HOUR 
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DISCUSSION 


E.E.Covert,  US 

The  authors  are  to  be  congratulated  for  a sharp  delineation  of  the  effects  of  mission  profile  on  engine  life.  I hope 
our  customers  can  be  made  aware  of  the  consequences  of  the  change  in  mission  upon  the  spare  parts  and  mainten- 
ance requirement  of  engines.  I wish  them  well  in  communicating  with  our  military  customers. 

1 would  like  to  ask  the  authors  if  they  used  methods  of  fracture  mechanics  in  estimating  LCF  life  or  coating  life? 
Author's  Reply 

Whilst  there  is  interest  in  methods  of  fracture  mechanics  for  possible  future  use,  such  methods  are  not  currently 
used  by  us  in  estimating  the  lives  of  turbine  blades. 
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PROBLEMES  DES  HAUTES  TEMPERATURES 

DANS  LES  PETITES  TURBOMACHINES 
par 

P.  BELAYGUE 
TURBOMECA 
64320  Bizanos 
France 


RESUME 

Apr6s  avoir  prScisfi  le  domaine  de  puissance  des  petites  turbomachines  a6ronautiques 
et  rappeld  les  objectifs  de  dSveloppement  des  moteurs  de  cette  taille,  I'auteur  prdsente 
les  repercussions  de  1 'augmentation  de  la  tempgrature  3 I'entree  de  la  turbine. 

Cette  augmentation  do  tempgrature  qui  s'accompagne  d'un  accroissement  du  rapport  de 
pression,concerne  tous  les  composants,  aussi  bien  le  compresseur  que  la  chambre  de  com- 
bustion et  la  turbine. 

Mais  cette  gvolution,  souhaitge  pour  1 ' amgl iorat ion  des  performances .comporte  des 
limitations  ; non  seulement  mgtal lurgiques  et  technologique":  mais  aussi  agrodynamiques  et 
thermodynamiques . Elies  sont  analysges  en  fonction  des  faibles  dimensions  des  composants. 

GENERALITES 

On  dgsigne  par  petite  turbomachine,  une  turbomachine  de  faible  puissance,  en  ggngral 
infgrieure  3 1500  kW. 

La  puissance  d'une  turbine  3 gaz  est  dgfinie  par  les  quatre  paramgtres  suivants  : 

- le  dgbit  d'air, 

- le  taux  de  compression, 

- la  tempgrature  3 I'entrge  de  la  turbine, 

- le  rendement  des  divers  composants. 

Le  dgbit  rgduit  3 I'entrge  de  la  turbine,  fonction  3 la  fois  du  dgbit  d'air,  de  la 
tempgrature  3 I'entrge  de  la  turbine  et  de  la  pression  maximale  de  cycle,  est  done  reprg- 
sentatif  du  niveau  de  puissance  d'une  turbomachine.  ^ 

La  hauteur  de  pale  du  distributeur  du  premier  gtage  de  turbine , directement  fonction 
du  dgbit  rgduit  3 I'entrge  de  la  turbine  donne  une  bonne  idge  de  la  vgritable  taille 
d'une  turbomachine. 


DISTaiBUTEUfl  HP  ARflIEL 
hr  14  mm 
ifi=  130  mm 


DISTRIBUTEUR  HP  HAKILA 
h r 20.5  mm 
U£=  212  mm 


Figure  1 


La  figure  1 donne  deux  exemples  de  distr ibuteurs  de  turbine  Haute  Pression. 

- le  distributeur  HP  du  turbomoteur  3 turbine  libre  ARRIEL  de  480  kW  de  puissance  sur 
I'arbre  dont  la  hauteur  de  pale  est  de  14  mm. 

- le  distributeur  HP  du  turbomoteur  3 turbine  libre  MAKILA  de  1325  kW  de  puissance  sur 
I'arbre  dont  la  hauteur  de  pale  est  de  20,5  mm. 

Ces  deux  machines  situent  les  limites  infgrieures  et  supgrieures  de  la  gamme  de  puis- 
sance qui  nous  concerne. 


DEVELOPPEMENT  DES  TURBOMACHINES 

Les  objectifs  de  tous  les  constructeurs  sont  ; 

- 1 ' augroentat ion  des  puissances  spficifiques  (puissance  fournie  par  unitS  de  ddbit) , 

- la  diminution  des  consommations  spgcifiques, 

avec  Svidemment  le  souci  permanent  de  rdduire  la  masse  des  moteurs  et  d'amgliorer  les 
durges  de  vie. 


Figure  2 


Comme  le  montre  le  diagramme  (figure  2)  donnant  la  consommation  spgcifique  et  la 
puissance  spdcifique  d'un  turbomoteur  5 turbine  libre  pour  diffdrentes  valeurs  du  taux 
de  compression  et  de  la  temperature  3 I'entrSe  de  la  turbine, ces  deux  objectifs  de  d§- 
veloppement  imposent  1 ' augmentation  de  la  tempgrature  3 I'entrge  de  la  turbine. 

Mais  pour  bgngf icier  pleinement  de  cette  augmentation  de  tempgrature,  il  est  ngces- 
saire  que  celle-ci  s'accorapagne  d'une  augmentation  de  la  pression  maximale  de  cycle. 


Figure  3 
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Ceci  est  bien  connu  et  c'est  I'Svolution  qui  s'est  produite  chez  tous  les  construc- 
teurs.  La  figure  3 donne  I'fivolution  du  rapport  de  pression  et  de  la  temperature  a I'en- 
trSe  de  la  turbine  de  1 'ensemble  des  moteurs  TURBOMECA.  Cette  evolution  simultanee  des 
deux  parametres  tend  a suivre  la  ligne  des  optima  dans  le  diagramme  de  la  figure  2,  mi- 
nimum de  consommation  specifique  pour  un  maximum  de  puissance  spdcifique. 

Sur  le  diagramme  de  la  figure  2 on  constate  que  si  1 ' accroissement  de  puissance 
specifique  reste  important  au  fur  et  a mesure  que  la  temperature  a 1 'entree  de  la  tur- 
bine augmente,  au  deia  de  1473  "k,  1 'abaissement  de  consommation  spdcifique  qui  en  re- 
sulte  devient  minime  et  a ce  niveau  de  temperature  le  rapport  de  pression  optimum  se 
situe  entre  12  et  14. 


Figure  4 


^Dans  le  cas  des  grosses  turbomachines  aeronaut iques , le  niveau  des  optima  n'est  pas 
le  merae  et  1 'evolution  a ete  differente  comme  le  montre  la  figure  4.  Le  rapport  de  pres- 
sion optimum  se  situe  au  deia  de  20  et  la  temperature  souhaitle  a I'entree  de  la  turbine 
est  superieure. 

On  peut  dire  que  les  problSmes  rencontres  dans  une  machine  ayant  un  debit  d'air  de 
20  kg/s  et  un  taux  de  compression  de  20/1  sont  analogues  a ceux  d'une  machine  de  1 0 kg/s 
avec  un  taux  de  compression  de  10/1,  mais  comme  dans  le  domaine  de  puissance  qui  nous 
concerne  les  debits  d'air  sont  seulement  de  1 a 4 kg/s  et  le  taux  de  compression  de 
I'ordre  de  10/1,  les  differents  probldmes  que  nous  aliens  dvoquer  sont  pour  la  plupart 
lies  aux  faibles  dimensions  geometriques  de  la  machine. 

Et  ceci  d'autant  plus  que  1 'evolution  simultanee  de  la  pression  maximalc  de  cycle 
et  de  la  temperature  a I'entree  de  la  turbine  rend  une  "petite"  turbomachine  encore 
plus"pet i te" . 


Figure  5 


2^ 

La  figure  5 donne  I'gvolution  du  dfibit  d'air  d'une  machine  de  1000  kW  compte-tenu 
de  I'gvolution  prfisentfie  figure  3.  Lorsque  la  temperature  3 I'entrSe  de  la  turbine  passe 
de  1123  “k  3 1473  “k,  le  dSbit  d'air  de  la  machine  est  divisS  par  2. 

Le  diagramme  donnant  les  evolutions  de  puissance  specifique  et  de  consommation  spe- 
cifique  presente  figure  2,  a ete  etabli  en  supposant  les  rendements  de  tous  les  composants 
constants . 

Les  tableaux  presentes  figure  6 et  figure  7 relatifs  aux  gains  de  consommations  spe- 
cifique et  de  puissance  specifique  que  I'on  peut  attendee  d'une  augmentation  de  la  tempe- 
rature, font  apparaitre  egalement  les  variations  des  rendements  eiimentaires  et  les 
pertes  thermodynamiques  susceptibles  de  reduire  ou  d'anihiler  ces  gains. 
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Figure  6 
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Figure  7 


De  I'examen  de  ces  tableaux,  il  ressort  qu'au  fur  et  3 mesure  que  la  temperature  3 
1 'entree  de  la  turbine  augmente  les  gains  s'amenuisent  et  que  les  cycles  deviennent  de 
plus  en  plus  vulnerables  aux  diminutions  des  rendements  eiementaires . 

Or,  comme  nous  le  verrons,  dans  le  cas  d'une  augmentation  simultanee  des  pressions 
et  des  temperatures,  les  causes  de  diminution  des  rendements  des  composants  sont  nom- 
breuses . 
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RHPHRCUSSIONS  DE  L 'AUGMENTATION  DE  TEMPERATURE  SUR  LES  DIVERS  COMPOSANTS 

L ' accroissement  de  temperature  devant  turbine  affecte  le  dimensionnement  de  tous 
les  composants  de  la  machine,  la  turbine  bien  sur  mais  aussi  le  compresseur  et  la  cham- 
bre  de  combustion.  Ceci  pour  deux  raisons  essentielles  : 

- d'une  part,  parce  que  1 ' augmentation  de  tempgrature  s'accompagne  d’une  augmentation  du 
taux  de  compression  et  pour  une  puissance  donnSe  d'une  diminution  du  debit  d'air, 

-•  d'autre  part,  parce  qu'on  cherche  dans  les  turbomachines  3 utiliser  la  totalite  des 
possibilites  des  materiaux  dans  toutes  les  parties  de  la  machine. 

Le  compresseur. 

Contrairement  aux  grosses  turbomachines  aeronautiques  qui  utilisent  des  compresseurs 
axiaux  multietages,  dans  les  petites  turbomachines,  la  configuration  qui  prevaut  pour  les 
compresseurs  est  celle  qui  consiste  3 utiliser  un  Stage  de  compression  centrifuge  et  n 
etages  axiaux,  le  nombre  d'etages  axiaux  allant  en  augmentant  avec  le  taux  de  compression. 

Les  justifications  de  ce  choix  sent  les  suivantes  r 

- diminution  du  nombre  de  composants 

- impossibility,  dans  ces  petites  dimensions,  d'obtenir  un  rendement  meilleur  d’un  com- 
presseur axial  multiStages. 

A titre  d'exemple,  pour  une  machine  de  1000  kW  la  figure  8 donne  en  function  du  taux 
de  compression  les  domaines  respectifs  des  configurations  : 1 centrifuge  seul,  1 axial  + 

1 centrifuge,  2 axiaux  + 1 centrifuge,  3 axiaux  + 1 centrifuge...  et  I'^volution  des  ren- 
dements  qui  en  rSsulte. 


Cette  rSpartition  des  domaines  relatifs  aux  diverses  configurations  peut  etre  dif- 
fyrente  suivant  la  conception  gSnSrale  de  la  machine.  Par  exemple,  pour  un  matfiriau  donnS 
et  une  durSe  de  vie  fixSe,  les  vitesses  pSriphyriques  admissibles  pour  le  compresseur 
centrifuge  sont  supfirieures  dans  le  cas  des  moteurs  qui  ne  nScessitent  pas  un  arbre  co- 
axial pour  la  transmission  du  mouvement.  D'oil,  la  possibility  dans  ce  cas  13  d'augmenter 
le  rapport  de  pression  du  compresseur  centrifuge  et  done  de  reculer  I'adjonction  d’un 
Stage  de  compresseur  axial  suppiymentaire . 

La  figure  9 donne  les  limites  approximatives  des  vitesses  pSr iphyr iques  admissibles, 
pour  diffyrents  matyriaux,  dans  les  deux  configurations  de  moteur. 

On  constate  que  pour  une  puissance  donnye,  malgry  I'adjonction  d'ytages  de  compres- 
sion suppiymentaire,  le  rendement  isentropique  global  a tendance  3 diminuer. 
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Figure  9 


La  chambre  de  combustion. 

L ' accroissement  des  pressions  et  des  tempfiratures  pose  deux  probl6mes  pour  les 
chambres  de  combustion  : 

- 1 ' optimisation  du  refroidissement  des  parois  du  tube  cl  flamme, 

- 1 'optimisation  de  la  repartition  radiale  et  circonfSrentielle  des  temperatures  d la 
sortie  de  la  chambre 

auxquels  s'ajoutent  d'autres  exigences  sur  la  qualite  de  la  combustion  et  le  niveau  de 
pollution. 

Ces  problSmes  generaux  se  compliquent  dans  le  cas  des  petites  machines  soit  pour 
des  raisons  specifiques  de  conception  de.  la  chambre  de  combustion  soit  parce  que  les  so- 
lutions habituelles  deviennent  techniquement  irrealisables  ou  economiquement  inconceva- 
bles . 

lamme . 

Elle  est  rendue  plus  difficile  3 cause  ; 

. de  1 ' accroissement  de  la  temperature  en  sortie  du  compresseur  done  de  I'air  de  refroi- 
dissement 

. de  1 ' augmentation  de  1 ' 6miss iv ItS  de  la  flamme  due  3 1 ' accroissement  de  la  formation  de 
particules  de  carbone  consficutive  3 l'616vation  de  pression 

. de  1 'accroissement  de  I'apport  de  chaleur  dans  la  chambre  (croissance  plus  rapide  de 
la  temperature  3 I'entrfee  de  la  turbine  que  de  la  temperature  en  sortie  du  compresseur). 

Bien  que  le  volume  de  la  chambre  de  combustion  et  done  la  surface  3 refroidir  dimi- 
nue  le  debit  d'air  utilisable  pour  le  refroidissement  des  parois  est  plus  faible  pour  de 
multiples  raisons  corame  : 

. la  diminution  du  debit  d'air  global 

. la  necessite  d'avoir  pour  des  critSres  de  pollution  (oxydes  d'azote  en  particulier) 
une  zone  primaire  pauvre  avec  exeSs  d'air 

. la  necessite  de  disposer  d'un  debit  d'air  suffisant  dans  la  zone  de  dilution  pour 
contrSler  le  profil  de  temperature. 

La  presence  d'un  compresseur  centrifuge  qui  conditionne  en  partie  le  maitre  couple 
et  la  necessite  de  reduire  la  longueur  de  I'arbre  entre  le  compresseur  et  la  turbine 
imposent  des  types  de  chambre  differents  des  chambre-s  annulaires  des  gros  moteurs. 

Le  refroidissement  de  ces  tubes  3 flamme  est  rendu  plus  difficile  par  leur  petite 
taille,  les  faibles  vitesses  de  I'air  et  le  chemin  tortueux  qu'il  parcourt  entre  le 
tube  3 flamme  et  les  carters. 


Figure  10 


CHAHBRE  DE  COnBUSTlON  A FLUX  INUERSE 


Figure  11 


5!}55E.^S.5®5!EiE§5y!!S_S!}-52Eii£.^®.£!j?5bre. 

Le  profil  radial  de  tempgrature  sur  une  petite  turbomachine  est  fortoment  affectg 
par  le  film  d'air  utilise  pour  le  refroidissement  des  parols  du  tube  3 flamme  qui  occupe 
en  sortie  du  distributeur  un  pourcentage  important  de  la  hauteur  de  veine  et  a tendance 
3 donner  un  profil  de  temperature  bomb!. 

L'homogeneite  circonf6rentielle  necessaire  pour  fiviter  les  deformations  excesslves 
des  enveloppes  et  pour  contrdler  le  jeu  en  bout  d'aube  est  limitee  par  le  nombre  des 
injecteurs  determine  par  la  taille  minimum  realisable. 

Le  principe  d'injection  centrifuge  TURBOMECA  permet  de  resoudre  ce  problfime  et 
donne  une  excellente  homogeneite  circonferentielle  sur  les  parties  fixes  mais  pose  celui 
des  tolerances  de  fabrication  sur  la  roue  d'injection  pour  ne  pas  engendrer  de  points 
chauds  sur  les  parties  mobiles. 
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Ngaiunoins,  meme  si  les  valeurs  de  RTDF  et  de  OTDF  sont  conservSes  lorsque  la  tempe- 
rature 3 I'entrSe  de  la  turbine  augmente,  conune  le  montre  la  figure  12,  les  efficacitSs 
de  refroidissement  3 rSaliser  sur  les  turbines  sont  de  plus  en  plus  importantes. 

La  turbine. 

Suivant  le  niveau  de  puissance,  de  temperature  3 1 'entree  de  la  turbine  et  de  taux 
de  compression,  la  detente  s'effectue  pour  les  petites  turbomachines  dans  2,  3 ou  4 etar- 
ges  de  detente. 

Au  stade  de  la  conception,  compte-tenu  de  1 'evolution  des  materiaux  et  des  techni- 
ques de  refroidissement,  les  comBtomis  3 realise!  en  matiSre  de  turbine  doivent  §tre  re- 
vus  frequemment  et  sont  de  plus  en  plus  diff idles. 

Ces  compromis  sont,  par  example  : 

- Dans  le  cas  d'une  turbine  HP  monoetage  fonctionnant  prds  de  la  limite  oJ  le  re- 
froidissement de  la  roue  mobile  s ' impose  : 

k partir  de  quelle  temperature  les  pertes  aerodynamiques  dues  3 1 'epaississement  relatif 
du  pied  de  la  pale,  necessaire  3 1 ' abaissement  des  contraintes,  deviennent-elles  supe- 
rieures  aux  pertes  thermodyna'-^iques  et  aerodynamiques  assocides  au  refroidissement  d'une 
pale  ayant  un  rapport  de  sections  entre  le  pied  et  la  tete  de  pale  plus  faible  ? 

- Dans  le  cas  d'une  turbine  HP  oil  la  detente  peut  etre  envisag6e  avec  un  ou  deux 
etagesde  turbine  : 

3 partir  de  quelle  temperature  les  pertes  aerodynamiques  dues  3 1 ' augmentation  de  charge 
aerodynamique  dans  la  version  monoetage,  deviennent-elles  superieures  3 celles  dues  au 
refroidissement  du  deuxidme  etage  et  au  surcroit  de  refroidissement  du  premier  etage  dans 
la  version  3 deux  etages  ? 

- Dans  le  cas  d'une  turbine  HP  de  deux  etages,  dont  le  deuxiSme  etage  fonctionne 

frds  de  la  limite  o&  le  refroidissement  de  la  roue  mobile  deuxiSme  etage  est  necessaire  : 

partir  de  quelle  charge  aerodVnamique  sur  le  premier  etage,  dont  i 'augmentation  vise 
3 eviter  le  refroidissement  du  deuxidme  etage,  les  pertes  deviennent-elles  superieures 
3 celles  dues  au  refroidissement  du  deuxiSme  etage  dans  le  cas  d'une  repartition  des 
travaux  entre  les  deux  etages  plus  favorable  au  rendement  de  1' ensemble  ? 

On  peut  dresser  3 partir  de  ces  considerations  une  llste  des  difficultes  que  I'on 
rencontre  dans  I'etude  aerodynamique  et  thermique  de  ces  turbines  ; difficultes  liees 
aux  falbles  dimensions  et  aux  hautes  pressions  et  hautes  temperatures  dont  elles  doivent 
Stre  capables. 

• L' optimisation  des  paramdtres  de  definition  de  la  turbine  en  vue  de  faciliter  la 
resolution  des  probldmes  thermiques,  que  ce  soit  par  exemple  1 'augmentation  de  la  charge 
aerodynamique  ou  la  diminution  de  degre  de  reaction  qui  permettent  de  diminuer  la  tem- 
perature totale  relative  3 1 'entree  de  la  roue  mobile,  n'est  pas  en  general  favorable  3 
1' amelioration  ou  au  maintien  des  performances.  Bien  sQr  des  progrBs  en  aerodynamique 
sur  la  maitrlse  des  ecoulements  transsoniques  et  la  realisation  de  deviations  plus  im- 
portantes dans  les  aubases  permettent  et  permettront  d'augmenter  la  charge  des  turbines. 
Et  ces  progrds  peuvent  etre  mis  3 profit  pour  redulre  la  temperature  des  pales. 
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• Mais  cette  augmentation  de  charge,  lorsqu'elle  est  possible,  s'accompagne  d'une 
reduction  de  la  hauteur  des  pales.  Or  la  faible  hauteur  de  la  pale  donne  de  plus  en  plus 
d' importance  aux  jeux  en  sommet  d'aube  et  ce  d'autant  plu;  que  la  charge  est  grande. 

Pour  ces  petites  machines  oO  les  aubes  d talon  sont  en  gdnfiral  inappl icables , une  augmen- 
tation de  1 i du  jeu  relatif  en  sommet  d'aube  entraine  une  chute  de  rendement  de  1,5 
point.  Et  pour  la  turbine  haute  pression  d'un  turbomoteur  de  1000  kW,  1 t de  jeu  relatif 
ne  reprfisente  que  0,15  mm. 

Le  bon  controle  des  dilatations  des  parties  fixes  et  mobiles  pour  maintenir  un  jeu 
minimum  dans  toutes  les  conditions  de  fonctionnement  devient  done  essentiel. 

• La  faible  hauteur  de  veine  '■end  aussi  trSs  difficile  la  maitrise  du  profil  de 
temperature  qui  en  cas  de  deterioration  peut  affecter  profondement  la  duree  de  vie  des 
aubages.  Or  les  fuites  entre  chambre  de  combustion  et  distr ibuteur , ou  entre  distributeur 
et  anneau  de  roue,  ou  les  debits  necessaires  pour  eviter  1' entree  de  gaz  chauds  3 I'in- 
terieur  de  la  machine,  degradent  le  profil  de  temperature. 

A titre  d'exemple,  la  figure  13  raontre  la  deformation  du  profil  de  temperature 
qu'entraine  une  fuite  de  1 t du  debit  compresseur  en  tete  de  pale  et  de  1 t en  pied  de 
pale,  ces  fuites  restant  localisees  sur  20  % de  la  hauteur  de  la  veine.  II  en  resulte 
pour  une  merae  temperature  moyenne,  une  augmentation  de  la  temperature  totale  3 I'entree 
de  la  roue  mobile  de  15  degres. 

Ces  debits  de  ventilation  interne  sont  souvent  conditionn6s  par  des  jeux  de  laby- 
rinthe  dont  le  controle  dans  toutes  les  conditions  de  fonctionnement  devient  lui  aussi 
imperatif  mais  dont  la  valeur  minimale  n'evoTue  pas  comme  la  taille  de  la  machine.  Ils 
prennent  done  davantage  d' importance  dans  une  petite  machine. 


• Les  difficultfis  d ' introduction  des  techniques  de  refroidissement  des  parties  mo- 
biles dans  les  petites  turbomachines  et  la  relative  moderation  des  objectifs  de  tempera- 
ture font  que  jusqu'3  present  la  majorite  des  moteurs  construits  en  serie  n'ont  pas  de 
refroidissement  des  pales  de  la  turbine  haute  pression,  la  temperature  3 I'entree  de  la 
turbine  etant  limitee  aux  environs  de  1325  "k.  Neanmoins,  la  prochaine  generation  de 
petites  turbines,  pour  accroitre  les  puissances  specif iques,  aura  des  temperatures  3 
I'entree  des  turbines  de  I'ordre  de  1425  °k  3 1475  °k.  A ces  temperatures,  un  refroi- 
dissement des  pales  mobiles  est  necessaire. 

Les  contraintes  que  cela  Impose  sont  nombreuses  et  toutes  prejudiciables  au  rende- 
ment de  la  turbine. 

Dans  le  cas  du  refroidissement  par  convection  3 I'interieur  de  canaux  radiaux, 
I'epaisseur  minimale  de  paroi  3 respecter  et  le  diamStre  minimum  realisable  pour  les  pas- 
sages d'aj.r  de  refroidissement  sont  des  paramStres  presque  indgpendants  de  la  taille  du 
moteur.  Pour  les  pales  de  petites  dimensions,  ceci  est  trgs  p^nalisant. 

Pour  les  longueurs  de  corde  inf^rieures  3 20  mm  la  section  totale  des  passages  d'air 
tend  3 devenir  negligeable  et  la  longueur  non  refroidie  du  cot6  du  bord  de  fuite  trds 
importante. 

La  n€cessit6  de  refroidir  les  aubes  impose  done  des  cordes  longues  d'oO  un  nombre  de 
pales  plus  faible,  des  €paisseurs  relatives  importantes  et  des  bords  de  fuite  £pais,  con- 
traintes qui  ne  rSpondent  pas  exactement  aux  souhaits  des  a6rodynamiciens . 

D'autre  part,  sous  peine  d'accroitre  les  contraintes  de  fagon  prohibitive,  on  ne 
peut  augmenter  la  hauteur  de  pale  dans  les  mSmes  proportions  que  la  corde,  on  atteint  des 
rapports  hauteur  de  pale/corde  dgfavorables . Ceci  tend  3 accroitre  les  pertes  secondaires 
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et  a dSgrader  le  renderaent  de  ddtente. 

• A ces  pertes  adrodynamiques  imposdes  par  la  ndcessitd  de  refroidir  les  pales 
s'ajoutent  les  pertes  thermodynamiques  et  adrodynamiques  assocides  aux  ddbits  d'air  de 
ref roidissement . 

. . Pertes  thermodynamiques  : tout  air  de  refroidissement  rdintroduit  dans  la  veine 
d une  pression  plus  basse  qu'au  niveau  du  prdldvement  est  dvidenunent  moins  apte  3 fournir 
du  travail  dans  la  turbine.  D'oO  pour  une  meme  terapdrature  3 I'entrde,  une  diminution  de 
la  puissance  et  une  augmentation  de  la  consommation  spdcifique. 

Pour  le  refroidissement  du  distributeur  HP,  quelle  que  soit  la  configuration  de  la 
chambre  de  combustion,  il  est  ndcessaire  de  prdlever  I'air  en  sortie  du  compresseur.  Par 
contre,  pour  les  dldments  suivants,  puisque  les  pressions  statiques  vont  en  diminuant  on 
peut  prdlever  I'air  3 des  pressions  plus  basses.  Deux  avantages  3 cela  : travail  de  com- 
pression plus  faible  et  tempdrature  plus  basse  de  I'air  de  refroidissement. 

Cependant,  dans  bien  des  cas  et  plus  particulidrement  pour  les  petites  turbomachines 
pour  des  raisons  de  simplicitd  de  construction  et  de  commoditd,  on  utilise  pour  tous  les 
refroidissements  la  meme  source  en  sortie  du  compresseur,  ce  qui  tend  3 augmenter  les 
pertes  thermodynamiques. 

..  Pertes  adrodynamiques  ; les  pertes  lides  aux  rdintroductions  des  ddbits  de  re- 
froidissement  dans  la  veine  ddpendent  beaucoup  de  I'endroit  oD  ils  sont  rdintroduits . 

Si  les  performances  de  la  turbine  ne  sont  pas  trds  sensibles  aux  rdintroductions  au 
niveau  du  distributeur,  il  n'en  est  pas  de  meme  pour  les  rdintroductions  sur  les  pales 
mobiles  surtout  lorsqu'elles  ont  lieu  sur  I'extrados  ou  en  sommet  de  pale  avec  des  aubes 
sans  talon. 

Les  pertes  dues  aux  ddbits  de  ventilation  rdintroduits  en  pied  de  pale  sont  aussi 
trds  dlevdes. 

Du  fait  des  faibles  dimensions,  comme  on  vient  de  le  voir,  les  techniques  de  refroi- 
dissement applicables  sont  ndcessairement  moins  sophistiqudes  que  celles  largement  rdpan- 
dues  dans  les  grandes  turbines  adronautiques . Il  en  rdsulte  que  les  progrds  3 attendre 
sont  plus  limitds. 

• Si  les  matdriaux  disponibles  sont  les  memes  quelle  que  soit  la  taille  du  moteur, 
les  prdcautions  3 prendre  et  la  maniSre  de  les  utiliser  ne  sont  pas  forcdment  identiques. 

..  Par  example,  si  I'on  considdre  que  les  toldrances  de  fabrication  sur  I'dpaisseur 
des  aubes  sont  les  memes  quelles  que  soient  leurs  dimensions,  elles  ndcessitent  de  pren- 
dre des  marges  plus  importantes  pour  les  aubes  de  faible  hauteur. 

La  figure  14  montre  1 'augmentation  de  contrainte  dans  une  pale  de  15  mm  de  hauteur 

qui  se  produit  dans  le  cas  le  plus  ddfavorable  oD  le  profil  de  tete  est  au  maximum  de  la 

toldrance  et  le  profil  de  pied  est  au  minimum  de  la  toldrance.  L ' augmentation  de  contrain- 
te en  pied  de  pale  est  de  10  i. 
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..  Un  autre  aspect  bien  sp6ci£ique  des  petites  turbomachines  concerne  1 'utilisation 
dans  certains  cas  de  roues  de  turbine  monobloc. 

Si  I'on  compare  la  technique  du  "monobloc”  avec  celle  des  pales  rapportdes,  gdn^ra- 
lis6e  dans  le  cas  des  grosses  turbomachines,  elle  prdsente  les  avantages  et  les  inconv6- 
nients  suivants  : 

- elle  est  gdndralement  moins  couteuse, 

- elle  est  avantageuse  pour  le  devis  de  masse,  car  elle  n'exige  pas  de  renforcement 
du  disque  comme  dans  le  cas  des  pales  rapportfies, 

- elle  ne  permet  pas  de  sdparer  les  fonctions  "pales"  de  celles  des  "disques", 
pieces  soumises  3 des  conditions  de  sollicitation  trds  di£f6»entes,  et  d'adopter  les 
techniques  de  re£roidissement  possibles  avec  les  pales  rapport^es, 

- elle  impose  le  changement  complet  de  la  roue  dans  le  cas  de  rupture  d'aube. 

Ce  sont  les  deux  premiers  arguments  Sconomique  et  technique  qui  justi£ient  1' intro- 
duction, lorsque  cela  est  possible,  de  la  technique  "monobloc". 

L ' augmentation  croissante  des  temperatures  eiimine  progressivement  la  solution  mono- 
bloc £orgie  dans  les  parties  les  plus  chaudes,  les  materiaux  de  £orge  Stant  llmites  en 
temperature,  au  pro£it  de  la  solution  monobloc  coulee. 

Neanmoins,  le  problSme  de  1 ' application  de  la  £onderie  de  precision  d une  roue  de 
turbine  est  deiicat.  En  e££et,  une  telle  pi6ce  est  soumise  selon  la  zone  conslderes  d 
des  conditions  de  sollicitation  trds  di££erentes  : (£igure  15)  £atigue  ollgocyclique  dans 
le  moyeu,  £atigue  thermique  et  £luage  dans  la  jante,  £luage  3 haute  temperature  dans  la 
pale . 


FLUACE  1000* C lOhb 
CORROSION 


LCF  (INITIALISATION  DCS  FISSURES) 


LiniTE  ELASTIOUE 


ENTAILLE 


PROPAGATION  DE  FISSURE 
( 500*  C ) 


ROUE  DE  TURBINE  : SOLLICITATIONS  PR I NCI PALES 


Figure  15 


En  particulier,  pour  une  petite  machine,  en  raison  du  £ort  gradient  thermique  3 la 
jante,  les  probldmes  de  £atigue  thermique  sont  particulidrement  aigus  pour  une  roue  mo- 
nobloc. Pour  les  diminuer,  on  est- amene  3 realiser  dans  les  interpales  des  £entes  ra- 
diales  se  terminant  par  des  trous  (£igure  15). 

Par  suite  de  ces  imp6rati£s,  le  choix  du  matiriau  est'  limitd  aux  superalliages  3 
base  de  Nickel.  Or,  compte-tenu  de  la  ggom^trie  partlculidre  d'une  roue  de  turbine  et  de 
la  tendance  3 la  cr istal lisation  grossi3re  de  ces  alllages'  de  £onderie  dans  les  parties 
dpaisses,  on  peut  s'attendre  3 obtenir  une  structure  3 gros'grains  dans  le  moyeu,  oD  les 
probldmes  de  £atigue  ollgocyclique  sont  les  plus  s6v3res  et  un  grain  £ln  dans  les  pales, 
zones  pour  lesquelles  la  resistance  au  £luage  est  prSponderante.  Cette  situation  est 
d'autant  plus  accusde,  que  la  partie  du  disaue  est  plus  dpaisse  et  que  les  pales  sont 
plus  nombreuses,  plus  longues  et  plus  £ines. 

D'autre  part,  les  microretassures  sont  Sgalement  plus  probables  dans  les  zones  mas- 
sives  done  au  niveau  du  moyeu,  13  oQ  elles  sont  le  plus  di££icile  3 dStecter  lors  du 
contrdle  radiographique  et  oO  leur  e££et  risque  d'Stre  le  plus  noci£  (resistance  3 la 
£atigue  ollgocyclique). 

CONCLUSION 

Aprds  ce  tour  d'horizon  des  probldmes  lies  3 1 'augmentation  de  temperature  dans  les 
petites  turbomachines,  on  peut  conclure  en  disant  : 
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- que  pour  les  futures  machines  qui  fonctionneront  3 des  temperatures  et  des  pres- 
sions  plus  dlevSes  un  soin  tout  particulier  doit  Stre  apportS  3 la  reduction  des  pertes 
de  toutes  sortes  si  I'on  veut  que  des  gains  sensibles  soient  enregistres  et  que  ce  souci 
doit  devenir  un  des  facteurs  predominants  au  stade  de  la  conception 

- qu'il  existe  une  temperature  au-del3  de  laquelle  il  n'est  pas  souhaitable  de  fonc- 
tionner,  la  complexite  technologique  et  par  consequent  le  prix  etant  considerablement 
accrus,  et  la  fiabilite  pouvant  etre  affectee 

- que  le  niveau  de  temperature  ne  doit  pas  etre  le  seul  critSre  de  jugement  du  de- 
gre  de  perfectionnent  atteint,  qu'il  faut  plutdt  considerer  le  rendement  effectif  obtenu 
sur  I'arbre  pour  une  temperature  donnee  avec  une  duree  de  vie  convenable. 


DISCUSSION 


N F.Rekos,  US 

What  do  you  consider  to  be  the  major  technical  problems  that  prohibit  using  the  very  high  temperature  ( 1 SOO^C) 
and  the  very  high  pressures  (25  atmos.)  common  to  large  gas  turbine  engines  to  small  gas  turbine  engines? 

Author’s  Reply 

Le  probleme  essentiel  de  I'augmentation  simultanee  des  temperatures  et  des  niveaux  de  pression,  comme  j’ai  essaye 
de  le  montrer  dans  mon  expose,  est  celui  de  la  reduction  de  taille  qu’eile  entraine  dans  les  moteurs  de  petite  puis- 
sance, si  on  raisonne  a puissance  constante.  Les  penalisations  de  rendement  sur  les  divers  composants  et  la  com- 
plexite technologique  qui  en  resultent  ne  justifient  ni  une  augmentation  du  TFT Jusqu’a  1 SOO'C,  ni  une  augmenta- 
tion du  rapport  de  pression  jusqu’a  25/1. 

N.F.Rekos.  US 

Have  you  given  any  consideration  to  the  environmental  problems  of  exhaust  gas  pollution  (oxides  of  nitrogen, 
carbon  monoxide,  unbumed  hydrocarbons)  in  the  design  of  your  small  gas  turbine  combustors? 

Author’s  Reply 

Nous  avons  essays  de  rdduire  les  emissions  de  CO  et  d’hydrocarbures  imbrules  en  ameliorant  le  rendement  de  com- 
bustion ^ bas  regime. 

Les  resultats  obtenus  nous  permettent  d’observer: 

(a)  Un  niveau  extremement  bas  en  hydrocarbures  imbrules  grace  a notre  systeme  d’injection  centrifuge  (indice 
d’6mission  < 0,5  sur  des  moteurs  r^cents  au  regime  de  ralenti). 

(b)  Un  niveau  tres  bas  en  monoxyde  de  carbone  (indice  d’emission  de  I’ordre  de  25  au  regime  de  ralenti). 

(c)  Un  niveau  acceptable  en  oxydes  d’azote  (indice  d’emission  de  I’ordre  de  10  au  regime  de  decollage). 
Malheureusement,  ce  niveau  a tendance  a croitre  sur  les  moteurs  recents  compte-tenu: 

— de  I’accroissement  des  temperatures  3 I’entree  de  la  chambre 

- des  modifications  de  la  chambre  destinies  a diminuer  les  emissions  de  CO  et  d’hydrocarbures  imbrules. 

Nous  envisageons  un  programme  de  recherche  pour  reduire  les  Nox  sur  nos  futurs  moteurs. 

Nota:  Les  indices  d’emission  donnent  le  rapport  de  la  masse  en  g de  polluant  emis  i la  masse  en  kg  de  carburant 


consomme. 
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SUMMARY 

Advanced  materials,  coatings,  and  cooling  technology  are  the  keys  to  achieving  im- 
proved performance  via  high  cycle  operating  temperatures,  lighter  structural  components, 
and  adequate  resistance  to  the  various  environmental  factors  associated  with  aircraft 
gas  turbine  engines.  Significant  progress  has  recently  been  made  in  many  high  tempera- 
ture material  categories,  in  providing  coating  protection  against  oxidation,  hot  cor- 
rosion and  erosion,  and  in  turbine  cooling  technology  by  the  industrial  community,  DOD 
and  NASA.  The  material  categories  include  metal  matrix  composites,  superalloys,  di- 
rectionally solidified  eutectics,  and  ceramics.  These  material  categories  as  well  as 
coatings  and  recent  turbine  cooling  developments  are  reviewed,  the  current  state-of-the- 
art  identified,  and  an  assessment,  when  appropriate,  of  progress,  problems,  and  future 
directions  is  provided. 

INTRODUCTION 

The  keys  to  improved  aircraft  turbine  engine  performance  are  the  development  of  ad- 
vanced high  temperature  materials , the  coatings  required  to  protect  them  adequately 
against  the  oxidation,  corrosion,  and  erosion  encountered  in  the  gas  turbine  environment, 
and  improved  cooling  '■echnology  to  achieve  higher  cycle  operating  temperatures.  Con- 
sideration of  the  various  turbine  components  indicates  the  nature  of  the  Improvements 
that  are  needed  and  the  specific  benefits  that  can  result  (Fig.  1).  Thus,  by  increasing 
the  strength  of  intermediate  temperature  materials  that  are  used  for  turbine  disks , in- 
creased rotor  speeds  and  fewer  turbine  stages  can  be  achieved  with  resultant  reductions 
in  turbine  engine  weight  and  cost.  Similarly,  increases  in  allowable  turbine  blade  and 
stator  vane  temperatures  will  permit  operation  at  higher  cycle  temperatures  or  with  re- 
duced cooling  air.  The  resultant  benefits  are  increased  power  output,  decreased  fuel 
consisnption,  and/or  decreased  maintenance  cost. 

An  Important  new  emphasis  in  high  temperature  materials  technology  is  the  develop- 
ment of  coatings.  This  takes  on  a greater  degree  of  importance  today  than  before.  In 
part,  environmental  protection  has  become  more  difficult  to  provide  because  such  sig- 
nificant strides  are  being  made  in  Increasing  the  high  temperature  strength  of  materials. 
Unfortunately  such  strength  increases  usually  go  hand  in  hand  with  decreased  oxidation 
resistance.  In  addition,  there  is  the  requirement  for  petroleum  conservation  and  the 
increasing  cost  of  petroleum  products.  Aircraft  gas  turbine  engines  typically  use  a 
clean  kerosene-type  fuel.  But  the  cost  of  such  fuels  is  increasing  dramatically,  by  a 
factor  of  3 in  the  past  4 years.  It  may  become  necessary  to  use  cheaper  cuts  from  pe- 
troleum or  even  residuals.  The  impurities  present  in  such  fuels  can  lead  to  severe  cor- 
rosion and  erosion  of  turbine  materials  and  to  tolerate  such  fuels  will  necessitate 
greatly  improved  coatings  for  turbine  vane  and  blade  materials.  Thus,  the  coatings 
problem  takes  on  added  significance. 

It  must  be  emphasized  that  extremely  high  costs  are  Involved  in  bringing  a new  ma- 
terial from  the  laboratory  stage  to  engine  usage.  For  example,  it  has  been  estimated  by 
one  engine  manufacturer  that  approximately  $15  million  are  required  to  bring  a DS  eutec- 
tic system  to  the  point  where  it  can  be  Incorporated  as  a turbine  blade  in  an  aircraft 
engine.  Thus,  it  becomes  of  paramotjnt  importance  that  the  most  advantageous  choices  be 
made  in  selecting  the  engine  component  and  material  to  be  addressed.  To  do  this  requires 
that  careful  benefit-cost  analyses  be  made.  Several  NASA- sponsored  benefit-cost  studies 
(1,2, 3,4)  quantify  the  gains  that  can  be  achieved  bv  increasing  material  capability  for 
aircraft  gas  turbines.  An  example  of  the  economic  benefits  of  material  improvements  for 
specific  engine  components  for  a fleet  of  500  subsonic  commercial  transport  aircraft  with 
a 3000  nautical  mile  range,  and  a load  factor  of  55X  of  the  total  passenger  capacity  of 
180  is  provided  by  the  benefit-cost  studies  (3,4).  The  benefits  (including  return  on 
investment  and  direct  operating  cost)  over  the  life  of  the  aircraft  assuming  the  follow- 
ing advanced  materials  could  be  employed,  would  be  $45  million  for  prealloyed  powder 
metallurgy  disks,  $90  million  for  directionally  solidified  eutectic  blades,  and  $200 
million  tor  ceramic  vanes. 

In  this  paper,  the  authors  review  the  state-of-the-art  of  high  temperature  materials, 
coating  technology,  and  recent  turbine  cooling  developments  as  well  as  assess  future 
trends,  utilizing  critical  turbine  coisponents  as  a framework  for  discussion. 
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MATERIALS  FOR  INTERMEDIATE  TEMPERATURE  APPLICATION  - DISKS 

Prealloyed  powder  processing  (5,6,7)  holds  promise  for  providing  superalloys  with 
increased  strength  for  turbine  disk  applications.  Although  current  PM  disk  alloy  develop- 
ment is  principally  concerned  with  existing  alloys  such  as  Rene'  95  (8)  and  IN-100  (9), 
work  is  underway  with  more  advanced  alloys  which  show  significant  improvements  in  strength 
(Fig.  2).  Even  further  strength  increases  are  anticipated  over  the  next  decade.  For 
example,  for  powder  metallurgy  processing,  alloys  can  be  specifically  designed  to  accom- 
modate larger  quantities  of  strengtheners  without  encountering  the  segregation  which  would 
occur  if  they  were  cast.  In  this  way,  the  feature  of  greater  structural  homogeneity  re- 
sulting from  the  prealloyed  powder  process  can  most  effectively  be  utilized. 

Fig.  2 shows  the  650OC  (1200°F)  yield  strengths  of  promising  candidate  PM  disk  alloys 
such  as  AF  115  (10),  IIB-7  (11),  and  AF2-1DA  (12).  These  can  be  processed  to  have  650oc 
(1200OF)  yield  strengths  in  excess  of  1380  MN/m^  (200  ksl) . Since  in  some  advanced  turbine 
designs  consideration  is  being  given  to  still  higher  maximum  disk  temperatures,  it  is  in- 
teresting to  see  how  the  650OC  (1200°F)  yield  strength  is  affected  when  the  PM  alloys 
AF  115  (13),  AF2-1DA  (14),  and  IIB-llE  (15)are  processed  to  give  maximxan  760OC  (1400OF) 
strength.  For  the  first  two,  lower  650OC  (1200OF)  strengths  result.  This  would  pre- 
sumably also  occur  for  IIB-llE  were  data  available.  Thus,  adequate  PM  disk  alloy  strength 
over  a range  of  temperatures  requires  that  a suitable  compromise  in  a processing  heat 
treatment  selection  be  made. 

In  addition  to  improved  short  time  strength  compared  to  conventional  forged  alloys , 
improvements  in  long  time  creep  rupture  strength  are  also  required  to  make  PM  alloys  viable 
candidates  for  disks,  particularly  for  high  temperature  disk  applications.  Significant  im- 
provements have  already  been  obtained  (Fig.  3).  An  important  aspect  to  be  noted,  however, 
is  that  the  relatively  large  grain  size  needed  for  high  creep  rupture  strength  calls  for 
higher  solution  treatment  temperatures  than  would  be  used  to  achieve  the  greater  short 
time  tensile  strength.  Since  mechanical  working  effects  are  then  annealed  out,  this  will 
reduce  the  tensile  strength.  Therefore,  the  development  of  optimum  processing  and  heat 
treating  steps  is  a most  important  key  to  the  development  of  advanced  PM  disk  alloys. 

Although  significant  increases  in  static  strength  are  possible  with  PM  disk  alloys, 
further  research  is  required  to  insure  that  advanced  prealloyed  powder  alloys  also  have 
cyclic  life  improvements  commensurate  with  their  static  strength  improvements.  It  is  im- 
portant that  early  in  the  research  for  new  materials-process  combinations,  realistic  disk 
test  cycles  be  used  in  evaluating  cyclic  crack  initiation  and  crack  growth  behavior.  It 
is  unforttinate  that  we  do  not  have  available  a simple  low  cost  screening  test  for  this 
purpose.  However,  the  fluidized  bed  t3rpe  of  thermal  fatigue  testing  which  is  being  used 
extensively  to  rate  materials  with  regard  to  thermal  fatigue  resistance  (16)  can  be  used 
to  provide  some  measure  of  the  relative  resistance  to  crack  initiation  and  measurement  of 
crack  growth  rate.  But  the  actual  engine  cycles  cannot  be  reproduced  in  such  facilities. 

Decreased  life  cycle  cost  represents  the  greatest  objective  for  gas  turbine  disks. 
Reductions  in  initial  cost  can  be  achieved  by  prealloyed  powder  processing.  Fig.  4 com- 
pares this  process  schematically  with  the  conventional  casting  and  forging  process.  It 
is  apparent  that  less  starting  material,  fewer  operational  steps,  and  less  machining  is 
required  to  reach  the  final  disk  shape.  For  a commercial  turbine  disk,  currently  pro- 
duced in  large  volume  by  forging  and  costing  $10,000  per  disk,  the  savings  in  both  raw 
material  and  machining  could  be  $2,000  (17).  Of  the  process  variations,  the  greatest 
cost  reduction  opportunity  exists  for  the  as-hot  isostatically  pressed  (HIP)  to  near  net 
shape  approach,  with  a smaller  cost  opportunity  possible  for  the  extruded  or  HIP  plus 
warm  work  approaches. 

MATERIALS  FOR  HIGH  TEMPERATURE  APPLICATION 
Low  Stress  - Vanes,  Combustors 

Several  key  turbine  power  plant  components  must  withstand  very  high  temperatures , 
but  the  stresses  to  which  they  are  subjected  are  relatively  low.  The  most  promising  ma- 
terials for  several  of  these  applications  are  discussed  in  the  next  sections. 

ops  alloys.-  For  use  as  turbine  stator  vanes,  the  oxide  dispersion  strengthened  (ODS) 
alloys  offer  a significant  improvement  over  both  currently  used  and  the  most  advanced 
conventional  cast  superalloys  (Fig.  5).  Their  metal  use  temperature  ranges  up  to  1230OC 
(2250OF)  and  they  should  see  service  as  stator  vanes  within  the  next  five  years.  Several 
of  the  more  promising,  HDA8077  (a  NiCrAl  with  Y2O3) , MA  754  (a  NiCr  with  YoOo)  and 
YD-NlCrAl  (a  NlCrAl  with  Y2O3)  are  shown  on  the  figure. 

The  melting  point  of  these  materials  is  about  1370OC  (2500°F) . This  high  melting 
point  and  the  greater  micros tructural  stability  of  these  materials  provide  additional 
pluses  compared  to  conventional  cast  superalloys  for  vane  use . The  advantage  of  greater 
overtemperature  capability  may  be  seen  in  Fig.  6,  in  which  a conventionally  cast  MAR  M-509 
and  a TD-NlCr  vane  are  compared  (18).  These  vanes  were  subjected  to  overtemperature  while 
being  tested  in  the  same  nozzle  assembly  of  an  experimental  engine.  The  cast  vanes,  al- 
though cooled,  melted.  The  uncooled  TD-NICr  vanes  remained  essentially  undamaged.  Another 
advantage  of  ODS  alloys  for  vane  application  is  their  greater  thermal  fatigue  resistance. 
Some  ODS  alloys  have  shown  up  to  10  times  greater  resistance  to  cracking  under  simulated 
vane  operating  conditions  than  conventionally  cast  superalloys  (18) . 
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Combustors  also  fall  into  the  category  of  high  temperature,  low  stress  applications 
where  ODS  alloys  afford  significant  potential.  Combustor  components  require  formable, 
weldable,  as  well  as  oxidation,  distortion,  and  thermal  fatigue  resistant  sheet  alloys. 

For  service  temperatures  near  980®C  (I8OOOF)  the  conventional  cast  and  wrought  alloys, 

Haynes  Alloy  188,  Inconel  617  and  the  developmental  MERL  72  show  good  potential  (19,  20). 
However,  the  ODS  NiCrAls  have  a potential  for  a 90^0  (I6OOF)  higher  temperature  capability 
than  conventional  sheet  materials.  Manufacture  of  an  ODS-NlCrAl  sheet  product  has  been 
demonstrated  (21)  but  there  are  no  commercial  sources  for  sheet  at  present,  jnce  the  ad- 
vantageous role  of  ODS-NICrAl  vanes  is  established,  it  is  expected  that  «i -lention  will  be 
focused  on  the  manufacture  of  ODS-NiCrAl  sheet  products. 

There  are  a number  of  problem  areas  with  ODS  materials  which  must  be  noted,  however. 
Foremost  is  the  historical  one  of  high  alloy  cost  (about  5 times  that  of  conventional 
superalloys).  Another,  the  low  oxidation  resistance  of  the  NlCr  base  has  largely  been 
solved.  As  in  virtually  all  instances  where  there  is  a pronounced  directionality  of  grain 
structure,  transverse  ductility  may  be  a problem.  But  this  can  probably  be  adequately 
handled  by  trading  off  some  longitudinal  strength  for  Increased  transverse  ductility  by 
process  control  treatments  that  reduce  the  grain  structure  directionality.  Another  prob- 
lem is  the  creep -behavior  of  ODS  sheet  alloys  for  such  applications  as  combustor  com- 
ponents. With  the  Increased  diffusion  rates  at  the  higher  temperatures  for  which  these 
alloys  are  Intended,  dlffuslonal  type  creep  could  be  the  major  contributor  to  the  creep 
process.  In  ODS  sheet  alloys,  such  as  TD-NiCr,  diffusional  creep  has  been  observed  and 
the  creep-damage  by  this  process  was  shown  to  be  severe  (22),  although  there  appears  to  be 
a threshold  stress  below  which  significant  diffusional  creep  does  not  occur.  This  factor 
must  be  taken  into  consideration  in  engine  component  designs  where  zero  creep  may  be 
required. 

The  problem  of  high  cost  is  being  addressed  by  the  development  of  improved  powder 
manufacturing  techniques  such  as  mechanical  alloying  (23)  and  current  activities  to  scale- 
up  for  large  production  quantities  promise  substantial  reductions  in  the  cost  of  these 
materials.  Simpler  recrystallization  techniques  can  be  employed  substituting  furnace 
recrystallization  for  the  more  time-consuming  gradient  annealing.  Finally,  further  cost 
reductions  are  anticipated  by  use  of  near-net-shape  fabrication  techniques  such  as  are 
currently  under  development  in  a NASA- sponsored  program  (24).  This  program  Includes  ex- 
tension and  forging  of  consolidated  preforms  to  provide  a vane  geometry  that  requires 
minimal  machining  to  final  shape. 

The  problem  of  low  cyclic  oxidation  resistance  observed  in  the  early  ODS-NiCr  alloys 
has  effectively  been  eliminated  as  may  be  seen  from  Fig.  7 by  changing  to  a NiCrAl  base 
that  Includes  4 to  5 weight  X aluminum.  The  figure  shows  that  essentially  no  weight  loss 
occurred  with  the  NiCrAls  after  severe  cyclic  testing  (r.t.  to  1200OC  (2200°F))  in  a Mach  1 
burner.  Hot  corrosion  resistance  was  also  significantly  improved  (25).  The  NiCrAls  form 
an  aluminum  containing  oxide  scale  which  provides  excellent  oxidation  resistance.  For 
long  time  service  (e.g.,  at  least  3000  hours)  however,  the  ODS  NiCrAls  may  require  a pro- 
tective coating  as  will  be  discussed  later. 

Directionally  solidified  superalloys.  - 

The  promising  nature  of  the  obs  alloys  notwithstanding  another  approach,  one  that  em- 
ploys directionally  solidified  conventional  superalloys  for  vanes,  also  shows  considerable 
potential.  As  shown  in  Fig.  8,  significantly  improved  thermal  fatigue  resistance  can  be 
achieved  by  directional  solidification  of  superalloys.  These  results  taken  from  (16)  show 
orders  of  magnitude  increases  in  cycles  to  the  first  observable  crack  for  two  typical  high 
temperature,  gamma  prime  strengthened  nickel  base  superalloys  (Mar-M  200  and  NASA  TAZ-8A) 
when  they  are  directionally  solidified  as  compared  to  their  random  polycrystalline  form. 

The  fluidized  bed  test  technique  previously  referred  to  was  employed  in  this  study  and  the 
results  shown  are  representative  of  those  obtained  with  a wide  variety  of  superalloys. 

A direct  comparison  of  the  thermal  fatigue  resistance  of  directionally  solidified 
superalloys  and  ODS  materials  was  also  shown  (16) . This  indicates  that  TD  NiCr  has  approxi- 
mately the  same  thermal  fatigue  resistance  as  many  of  the  conventionally  cast  (random  poly- 
crystalline  structure)  superalloys.  The  comparison  must  be  considered  as  inconclusive  due 
to  the  limited  ODS  material  available  for  test  in  that  study.  Further  evaluations  are 
underway  to  provide  a more  definitive  ranking.  However,  the  clearly  excellent  thermal 
fatigue  resistance  of  directionally  solidified  conventional  superalloys  suggests  that  such 
materials  afford  great  potential  for  relatively  early  application  to  aircraft  turbine 
engine  stator  vanes,  although  their  current  use  is  for  high  stressed  turbine  blades. 

Ceramics . - 

As  shown  in  Fig.  5,  ceramics  offer  the  highest  use  temperature  potential  of  all  ma- 
terials for  stator  vanes,  on  the  order  of  1400°C  (2600OF). 

Currently,  the  most  promising  ceramics  appear  to  be  SIoNa  and  SIC.  Extensive  screening 
studies  of  some  35  different  ceramics  in  the  NASA  Lewis  Mach  1 burner  (26,27)  have  shown 
them  to  have  the  most  favorable  thermal  shock  resistance.  Other  investigators  (28-31) 
have  also  shown  the  superiority  of  SI3N4  and  SiC.  These  ceramics  also  have  excellent  high 
temperature  creep  rupture  properties  as  may  be  seen  from  Fig.  9.  Commercial  hot  pressed 
SI^Na  (32)  has  substantially  higher  use  temperature  capability  (approximately  1320°C 
(2400OF))  at  stresses  of  approximately  50  MN/m2  (7  ksi)  which  are  typical  of  those  en- 
countered in  stator  vanes,  than  the  strongest  known  conventionally  cast  vane  alloy,  WAZ-16 
(33).  It  also  shows  about  a lOO^C  (200oF)  advantage  over  the  ODS  alloys. 
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Both  Si3N4  and  SiC  are  vmder  development  and  significant  improvements  in  high  tempera- 
ture strength  are  being  achieved  as  shown  in  Fig.  9.  Work  is  underway  under  NASA  sponsor- 
ship (34)  to  improve  creep-rupture  strength  by  decreasing  the  alkali  metal  content  from 
approximately  2500  to  less  than  400  ppm  and  by  lowering  O2  content  to  less  than  1%.  The 
intent  is  to  limit  the  amount  of  strength  reducing  second  phase  formation  at  the  grain 
boundaries  which  results  from  the  reaction  of  such  impurities  with  densification  additives 
such  as  MgO  and  Y2O3.  Further  strength  improvements  are  possible  with  these  ceramics  by 
improving  processing  procedures  such  as  powder  handling,  sintering,  and  hot  pressing.  Al- 
though no  creep  rupture  data  are  yet  available,  another  promising  Si3N4  base  material  is 
the  class  known  as  SiAlONs.  These  are  solid  solutions  of  AI2O3  in  SIiNa.  Demonstrated 
advantages  are  that  the  SiAlONs  do  not  require  sintering  to  reach  high  density  (94%)  and 
that  they  appear  to  have  outstanding  thermal  shock  resistance  (35) . 

It  should  be  noted  that  ceramics  for  turbine  application  have  become  the  center  of 
much  effort  in  recent  years.  For  example,  there  is  the  ARPA  program  (36).  The  program 
which  began  in  July  1971,  is  Intended  to  demonstrate  that  ceramics  can  be  applied  success- 
fully as  stator  vanes,  turbine  blades,  and  disk,  combustor  and  nose  cone  components  in  a 
I37O0C  (2500OF)  gas  temperature  automotive  turbine  power  plant.  Another  phase  of  this 
program  seeks  to  demonstrate  the  effectiveness  of  ceramic  first  stage  stator  vanes  for  a 
1370°C  (2500OF)  gas  temperature  30  megawatt  ground  power  turbine  installation.  It  is  ex- 
pected that  the  vehicular  unit  combustors,  ducts  and  stators  will  meet  the  1978  goal  of 
200  hours  of  operation  at  a maximum  turbine  inlet  temperature  of  2500OF.  Major  effort  is 
going  into  the  most  demanding  application  of  ceramics,  the  vehicular  turbine  rotor.  Al- 
though the  ASFA  program  is  intended  to  demonstrate  the  successful  application  of  ceramics 
in  automotive  and  electric  ground  power  turbines , much  of  what  is  being  learned  will  be 
of  great  value  in  the  development  of  ceramics  for  aircraft  gas  turbine  applications  as  well. 

High  Stress  - Turbine  Blades 

For  high  stress  applications  such  as  turbine  blades,  substantial  increases  in  use 
temperature  can  be  expected  by  means  of  directional  structures  of  several  types  (Fig.  10). 
Initial  advances  were  made  with  conventional  nickel  base  alloys  such  as  PWA  664  (37)  in 
which  grains  were  aligned  parallel  to  the  direction  of  the  major  stress  axis  by  means  of 
directional  solidification.  Further  increases  can  be  expected  from  monocrystals  (38). 

The  directionality  concept  is  also  being  applied  to  eutectic  systems  with  consid'^rable 
success . Directionality  of  structure  is  also  the  key  to  the  0DS+  2f  ' systems  and  tungsten 
fiber  superalloy  composites. 

Directionally  solidified  eutectics.  - Major  research  and  development  effort  is  being  ex- 
pended  in  industry  and  government to  exploit  eutectic  systems . Figure  11  provides  a com- 
parison of  the  1000  hour  creep  rupture  properties  (39,40)  of  the  major  eutectic  systems 
currently  under  study  and  directionally  solidified  MAR  M-200  + Hf.  At  turbine  blade  oper- 
ating conditions,  the  DS  eutectics  now  afford  about  a 30-80OC  (50-150OF)  use  temperature 
advantage,  or  a 40-60%  increase  in  creep  rupture  strength. 

Figure  12  shows  the  microstructure  of  the  two  major  types  of  eutectic  systems,  a 
typical  rod  or  fiber  reinforced  system,  HAFCO,  and  a typical  lamellar  reinforced  system 
iS/K'-h.  The  matrix  has  been  etched  away  to  bring  into  relief  the  two  types  of  rein- 
forcing phases.  In  both  systems  a relatively  ductile  matrix  is  reinforced  by  a brittle 
phase.  Most  rod  or  fiber  (not  all  are  perfect  rods  as  may  be  seen  from  the  figure)  rein- 
forced systems  utilize  some  type  of  carbide  fibers  (Hf  carbide  in  HAFCO  and  TaC  in  both 
CoTaC  and  NiTaC)  ranging  from  5 to  15  volume  percent  (41) . The  matrices  are  generally 
complex.  For  example,  the  matrix  of  the  NiTaC  systems  consists  of  a If'  precipitate  within 
a 1r  nickel  solid  solution  containing  Cr  and  A1  to  provide  oxidation  resistance  and  pre- 
cipitation strengthening.  Additions  of  W or  Mo  can  be  made  to  provide  additional  solid 
solution  strengthening.  They/y'-6  alloy  (Ni-20Cb-6Cr-2.5Al)  is  typical  of  the  Imellar 
reinforced  systems . The  6 (Nl3Cb)  lamellae  make  up  approximately  40  volume  percent  and 
this  contributes  to  very  low  transverse  ductility  at  low  and  intermediate  temperatures, 
as  will  be  discussed  subsequently.  The  matrix  consists  of  a }S'  precipitate  within  a com- 
plex y nickel  solid  solution. 

A.  number  of  problem  areas  exist  which  must  be  solved  before  eutectic  systems  can  be 
effe(  '.Ively  utilized.  Foremost,  and  common  to  all  systems  is  the  slow  growth  rate  di- 
rectionally solidified  eutectics  require  in  their  manufacture,  typically  less  than  3 cm/hr 
(40,42).  Work  is  being  directed  toward  achieving  more  acceptable  rates  from  a blade  fabri- 
cation standpoint. 

Another  potential  problem  with  some  eutectics  is  that  of  thermal  instability  upon 
thermal  cycling.  A visual  example  of  this  is  shown  for  the  CoTaC  system  in  Fig.  13  (43). 

It  may  also  be  seen  that  by  suitable  compositional  changes  such  instabilities  can  be  over- 
come. The  thermal  instability  demonstrated  (Figs.  13(a)  and  (b))  upon  cycling  2000  times 
between  425  and  llOO^C  (797  and  2012OF)  could  have  been  caused  by  a number  or  factors 
whose  Individual  roles  have  not  as  yet  been  well  defined  — thermal  coefficient  of  ex- 
pansion mismatch  between  fibers  and  matrix,  fiber  solubility  in  matrix, fiber  surface 
energy  of  formation,  and  Imperfections  of  reinforcing  fiber  phase  (41,43,44).  Figures 
13(c)  and  (d)  show  that  by  substituting  HfC  for  TaC  fibers  Instability  during  thermal 
cycling  was  totally  eliminated  (45) . A better  understanding  of  the  importance  of  the  role 
of  Che  individual  factors  Chat  can  contribute  to  such  thermal  instability  must  be  obtained, 
but  it  is  apparent  Chat  the  problem  is  not  insurmountable. 

A further  area  of  considerable  concern  with  some  eutectic  systems  is  chat  of  low 
transverse  ductility  at  the  Intermediate  temperatures.  This  poses  fatigue  problems  in  the 
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blade.  Another  problem  Is  design  of  the  blade  root  because  of  normally  Imposed  shear  and 
bending  stresses.  The  solution  to  the  latter  problem  will  require  modified  (lower  stress) 
root  designs  or  superalloy  bonded  roots  for  advanced  "high  work"  blades  (46) . Figure  14 
shows  the  transverse  tensile  fracture  strain  for  representative  eutectic  systems  compared 
to  a currently  used  directionally  solidified  superalloy  DS  MAR  M-200.  The  rod  or  fiber 
reinforced  systems  (NlTaC  and  CoTaC  (40,47))  have  reasonably  good  room  and  Intermediate 
temperature  transverse  ductility  which  compares  well  with  DS  MAR  M-200  -f-  Hf  (42)  . How- 
ever, the  lamellar  iT/ff'- 8 system  has  relatively  low  transverse  ductility  at  these  tempera- 
tures. Attempts  are  being  made  to  alter  the  deformation  mechanism  of  the  high  (40  volume 
percent)  brittle  Intermetalllc  phase  ( 6 , Nl^Cb) . Recent  efforts  have  Improved  7600C 
(1400OF)  transverse  fracture  strain  from  ^0.2  to  0.9%.  This  was  achieved  (42)  by  ob- 
taining a fully  lamellar  structure  by  decreasing  growth  rate  from  3 to  2 cm/hr  and  by  the 
addition  of  0.06%  C.  Heat  treatments  (870oC,  1600°F)  also  appear  to  provide  some  Improve- 
ment although  the  mechanism  Is  as  yet  unknown. 

A very  recent  development  is  the  y/y-cK  eutectic  alloy.  The  phase  consists  of 
molybdenum  fibers  that  act  to  reinforce  the  S'/y'' matrix  phase.  Preliminary  results  indi- 
cate that  this  alloy  has  about  a 17oC  (30OF)  higher  use  temperature  for  1000  hour  stress- 
to  rupture  life  than  the  y/jr'-  8 alloy  together  with  significantly  improved  transverse 
ductility  and  shear  strength  (48,49). 

Despite  the  problems  cited,  eutectic  systems  are  promising  candidates  for  high  stress 
turbine  applications  and  it  is  expected  that  some  eutectic  systems  will  see  at  least  limited 
engine  service  as  aircraft  turbine  engine  blades  within  the  next  10  years . 

ops  + ga^a  prime  alloys.  - Recent  advances  in  the  production  of  oxide  dispersion  streng- 
thened  alloys  have  introduced  ODS  superalloys  as  possible  contenders  for  advanced  turbine 
blade  applications.  For  this  use,  the  high  strength  of  a gamma  prime  ( y' ) strengthened 
alloy  (needed  at  the  blade  root)  is  combined  with  the  elevated  temperature  strength  derived 
from  dispersion  strengthening  (needed  in  the  a rfoil) . At  IIOOOC  (2000oF)  the  creep-rup- 
ture life  of  experimental  ODS  superalloys  such  as  ODS  WAZ-D  (50)  and  the  very  recently  de- 
veloped "Alloy  D"  (51)  compare  favorably  with  conventionally  cast  random  polycrystalline 
S"  strengthened  alloys  and  directionally  solidified  eutectic  alloys.  As  shown  in  Fig.  15, 
these  alloys  have  use  temperatures  in  the  range  of  1150oC  (2100oF)  for  1000  hour  life  at 
a stress  of  102  MN/m^  (15  ksi) . "Alloy  D"  developed  by  The  International  Nickel  Company 
has  demonstrated  improved  rupture  ductility  (-^  37.)  compared  to  previous  ODS  superalloys 
(~  17.  for  ODS  WAZ-D);  it  has  also  demonstrated  good  oxidation  and  excellent  corrosion  re- 
sistance in  comparative  tests  with  conventional  superalloys.  An  added  advantage  of  the 
ODS  alloys  is  their  higher  incipient  melting  temperature  derived  from  the  compositional 
uniformity  inherent  in  processing  by  powder  metallurgical  techniques. 

The  ODS  superalloys  are  relative  newcomers  to  the  scene  and  only  sketchy  data  exist. 
Thus,  their  potential  for  blade  application  remains  largely  unchartered  except  for  their 
outstanding  strength.  A potential  problem  area  may  be  low  transverse  rupture  ductility 
which  is  expected  to  be  less  than  the  longitudinal  ductility.  However,  it  is  anticipated 
that  the  interest  generated  by  this  class  of  materials  will  shortly  result  in  a more  de- 
finitive evaluation  of  their  potential. 

Composites . - Of  all  the  directional  metallic  systems,  tungsten  fiber  reinforced  super- 
alloys  afford  potentially  the  highest  use  temperature  capability  for  turbine  blades,  but 
their  application  to  service  is  also  furthest  down  the  road  (Fig.  10) . These  materials 
combine  the  high  temperature  strength  of  W wires  with  the  ductility,  toughness,  and  oxi- 
dation resistance  of  a superalloy  matrix.  Although  the  technology  for  these  composites 
is  not  as  advanced  as  for  the  DS  eutectics  (in-situ  composites)  considerable  research  is 
underway  in  this  area  (52  to  57) . The  significant  strength  advantage  of  W fiber  rein- 
forced superalloys  over  DS  eutectics  (up  to  2 1/2  times)  and  current  superalloys  (up  to 
5 times)  is  apparent  from  Fig.  16  which  shows  a comparison  of  their  1090OC  (2000OF)  1000- 
hour  density  normalized  data.  The  actual  composite  data  (solid  lines)  were  obtained  with 
a uniform  reinforcement  of  70  volume  percent  tungsten  fibers  along  the  length  of  the 
specimens.  For  an  average  30  volume  percent  reinforcement  with  varying  fiber  content 
along  the  blade  span,  calculated  results  (dotted  lines)  are  shown  which  take  into  account 
potential  composite  degradation  due  to  fiber  matrix  Interaction  over  1000  hours  exposure. 
Because  of  Improvements  in  compatibility  since  the  data  were  obtained,  some  of  the  calcu- 
lated results  are  even  more  favorable.  To  make  the  30  volume  percent  of  reinforcing 
fibers  a viable  concept,  the  fibers  have  to  be  suitably  distributed  along  the  blade  span 
to  accommodate  spanwise  variation  in  blade  centrifugal  force.  A 30  volume  percent  of 
reinforcement  would  result  in  composite  blades  of  approximately  the  same  weight  as  those 
of  current  superalloy  blades.  This  would  be  accomplished  by  taking  advantage  of  the 
greater  stiffness  and  strength  of  the  composite  to  reduce  blade  thickness  and  taper. 

A major  breakthrough  in  making  these  composite  systems  viable  candidates  for  turbine 
blade  application  has  been  the  successful  development  of  a monolayer  tape  fabrication 
process  shown  in  Fig.  17.  Two  techniques,  one  using  powder  cloth,  the  other  alloy  foils, 
are  shown.  It  is  envisioned  that  the  latter  will  be  more  efficient  for  volxane  production 
and  that  turbine  blade  fabrication  costs  should  approach  those  for  current  turbine  engine 
tltanitim  fan  blades  (58)  . 

Major  problem  arer  j associated  with  the  application  of  W fiber  reinforced  superalloys 
to  turbine  blades  are  ilber-matrix  Interaction  (Interdiffusional  effects  reduce  wire 
*t*'*ngth)  during  fabrication  and  service  exposure,  and  resistance  to  thermal  and  mechanical 
fatigue  caused  by  turbine  operational  modes.  The  former  problem  has  been  greatly  reduced 
by  development  of  the  monolayer  tape  fabrication  process  and  by  making  appropriate 


adjustments  to  the  matrix  compositions.  It  now  appears  that  the  fiber-matrix  interaction 
factor  should  not  be  a deterrent  to  composite  use  in  turbine  blade  application.  The 
thermal  fatigue  problem  stems  from  the  large  thermal  mismatch  between  the  superalloy  ma- 
trix and  the  W fibers.  Only  limited  thermal  fatigue  data  have  been  obtained  to  date  but 
the  most  recent  results  obtained  at  NASA-Lewis  and  by  other  investigators  suggest  that 
this  problem  also  is  much  nearer  the  solution  stage.  Fig.  18  shows  some  encouraging 
results  for  a W-lThOi/FeCrAlY  specimen  subjected  to  1000  cycles  from  room  temperature  to 
I2OO0C  (2200OF)  by  direct-resistance-heating  in  a Naval  Air  Systems  Command  program  con- 
ducted at  TRW.  No  matrix  or  fiber  cracking  occurred.  However,  considerable  research  re- 
mains to  be  done  before  W fiber  reinforced  superalloys  can  be  used  as  turbine  blades. 

Ceramics.  - The  ultimate  in  potential  use  temperature  capability  for  turbine  blade  appli- 
cation  resides  in  ceramic  materials.  As  shown  in  Fig.  10,  use  temperatures  on  the  order 
of  1200  to  1370OC  (2200  to  2500°F)  can  be  expected.  In  addition  to  the  potentially  low 
cost  of  ceramics  (about  I/IO  that  of  superalloys),  their  low  density  (about  1/3  that  of 
superalloys)  together  with  their  high  strength-to-density  ratios,  make  ceramics  particu- 
larly desirable  for  rotating  turbine  blades  where  the  primary  stresses  result  from  cen- 
trifugal forces.  However,  it  is  not  reasonable  to  expect  the  characteristics  of  essentially 
no  ductility  and  very  low  impact  resistance  to  be  circumvented  to  the  extent  necessary  to 
permit  the  use  of  ceramics  as  aircraft  engine  turbine  blades  much  before  the  last  decade 
of  this  century.  There  is  a much  greater  likelihood  that  ceramic  turbine  blades  will  see 
service  in  ground  power  installationns  or  automobiles  considerably  before  this. 

Although  it  is  not  feasible  to  achieve  ductile  ceramics,  considerable  effort  is  being 
expended  to  improve  their  impact  resistance.  Modest,  although  not  consistently  obtainable, 
improvements  in  impact  strength  have  been  obtained  to  date.  Figure  19  shows  in  chronologi- 
cal order  the  increases  in  both  room  temperature  and  1315oC  (2400OF)  impact  strength 
achieved  with  Si3N4  by  various  investigators.  Increasing  the  purity  of  £ -phase  St3N4 
powders  (59) , application  of  a lithium  aluminum  silicate  layer  (60) , and  carburization  to 
create  a compressive  layer  (61)  have  each  provided  an  increase  in  impact  strength.  The 
last  mentioned  approach  resulted  in  one  J (10  in-lb)  impact  strength,  a factor  of  ten  in- 
crease over  as-received  Si3N4.  More  impressive  improvements  in  impact  strength  of  Si3N4 
have  resulted  (62,63,64)  from  reinfbrcing  hot  pressed  Si3N4  with  25  v/o  Ta  wire  of  25  mil 
diameter.  Drawbacks  to  this  approach  are  the  more  than  doubled  density  of  the  Sl3N4-Ta 
product  over  the  monolithic  Si3N4  body  (6.55  g/cc  vs.  3.2  g/cc)  and  the  possibility  of 
catastrophic  oxidation  of  any  exposed  Ta  when  the  product  is  placed  in  service.  Most  re- 
cently, with  work  still  in  progress  (65),  the  energy  absorbing  surface  layer  approach  for 
improving  the  impact  strength  of  Si3N4  has  given  encouraging  results.  Use  of  silica-zircon 
layers  has  resulted  in  Charpy  impact  strengths  of  about  20  in-lbs.  And,  in  very  preliminary 
work,  porous  reaction  sintered  silicon  nitride  layers  on  dense  Si3N4  have  provided  impact 
strengths  of  10  in-lbs.  Further  improvements  in  impact  resistance,  particularly  as  regards 
reproducibility  are  anticipated,  although  much  higher  values  of  impact  strength  are  not 
likely  to  be  achieved. 

In  order  to  use  ceramics  for  turbine  blades,  the  designer  must  tailor  his  design 
philosophy  to  effectively  deal  with  materials  of  essentially  no  ductility.  Very  early 
work  by  the  authors  (66,67)  recognized  the  need  to  accommodate  the  lack  of  ductility  of 
ceramics  by  designs  that  employed  cushioning  Interfaces  between  blades  and  disk  and  gen- 
erous radii  on  the  blade  roots.  Figure  20  illustrates  some  early  attempts  that  were 
partially  successful  (67) . The  interface  materials  acted  to  further  distribute  the  stress 
in  the  root  attachments.  Porous  or  screen  material  interfaces  were  especially  beneficial. 
Interestingly,  as  was  the  case  in  the  early  NACA  work,  recent  investigations  (68,  69) 
have  shown  that  the  use  of  ductile  inter-layer  materials  such  as  platinvim  is  highly  de- 
sirable. These  serve  to  distribute  the  stresses  and  to  prevent  chemical  reaction  between 
the  ceramic  blades  and  metal  disks.  Utilizing  these  methods,  full-scale  (4"  span)  blades 
were  operated  20  years  ago  for  as  long  as  240  hours  at  continuous  full  engine  power  with- 
out root  failures.  This  was  accomplished  at  a time  when  these  engines  were  qualified  for 
military  service  with  a 150  hour  test.  The  brittle  airfoils  could  not  withstand  the  im- 
pact of  typical  foreign  objects,  however. 

The  early  attempts  to  use  ceramics  and  cermets  as  turbine  blades  were  handicapped 
by  relatively  weak  materials,  rather  immature  ceramic  processing  procedures  and  very 
crude  stress  analysis  techniques.  Fortunately,  designers  today  have  far  superior  ma- 
terials (SiC  and  Si3N4)  to  work  with  as  well  as  design  procedures  based  on  fracture  me- 
chanics and  3D  finite-element  stress  analyses  made  possible  by  use  of  computers.  The 
3D  finite-element  stress  analysis  permits  determination  of  local  principal  stresses 
throughout  the  component  so  that  the  designer  can  pin-point  critical  stress  conditions 
which  may  result  from  stress  concentrations. 

Fracture  mechanics  can  be  used  to  determine  the  crack  growth  characteristics  of  the 
materials  under  design  loads.  Since  the  strength  of  ceramic  materials  is  determined  by 
initial  flaw  size  and  distribution,  and  since  essentially  no  ductility  is  available  to 
arrest  crack  growth,  the  careful  application  of  fracture  mechanics  to  ceramics  is  even 
more  Important  than  in  the  design  of  highly  stressed  metallic  systems.  The  ceramic  ma- 
terials must  be  characterized  by  determining  the  sustained  load  subcritical  crack  growth 
and  cyclic  load  crack  growth.  Fortunately,  a good  basis  for  this  work  has  been  estab- 
lished by  the  National  Bureau  of  Standards,  and  others  (70,  71,  72)  working  with  glass, 
AI2O3,  Sic  and  Si3N4.  However,  it  must  be  noted  that  for  the  ceramic  data  obtained  to 
date,  direct  quantitative  comparisons  with  Kj-  values  for  metals  can  be  misleading  because 
of  differences  in  the  fracture  toughness  specimen  sizes  involved.  Thus,  relatively  large 
specimens  (inches  in  thickness)  are  used  for  metals  whereas  the  specimen  thickness  of  the 
ceramic  specimens  has  typically  been  on  the  order  of  30  mils.  A rough  indication  of  the 
relative  fracture  toughness  of  these  materials  is  that  a heat  treated  steel  has  30  to  50 
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times  Che  fracture  toughness  of  hot  pressed  SI3N4. 

Despite  the  difficulties  and  limitations,  however,  the  tools  available  to  the  de- 
signer today  make  designing  around  the  ceramic  ductility  problem  appreciably  more  likely 
than  in  the  past.  Nevertheless,  the  challenge  is  to  learn  how  to  effectively  utilize 
these  materials.  Their  extreme  brittleness  makes  them  far  more  sensitive  to  internal 
flaws  inherent  in  their  manufacture  and  to  surface  flaws  resulting  from  accidental  detmage 
than  has  been  true  for  any  materials  used  heretofore  in  critical  high  stress  applications 
such  as  blades. 

HIGH  PRESSURE  TURBINE  SEALS 

An  important  way  of  enhancing  aircraft  gas  turbine  engine  performance  is  by  reducing 
and  preserving  turbine  airfoil  tip  clearances.  Increases  in  these  clearances  with  engine 
operation  result  in  decreased  turbine  efficiency  with  attendant  loss  of  thrust  and  in- 
creased fuel  consumption.  It  has  been  estimated  that  the  turbine  efficiency  penalty  can 
be  as  much  as  1%  for  a .025  cm  (0.010  in)  increase  in  first  stage  turbine  blade  tip 
clearance.  Significant  advances  are  being  made  in  the  development  of  shroud  materials 
which  act  to  preserve  the  airfoil  tip  clearance  during  engine  operation.  To  be  more  ef- 
fective, shroud  materials  must  have  improved  resistance  to  oxidation  and  erosion.  At  the 
same  time,  they  must  have  the  quality  of  abradability.  That  is,  their  response  to  rubbing 
by  the  airfoil  tip  must  be  such  that  this  can  occur  without  material  removal  from  the 
blade.  Figure  21  schematically  illustrates  the  effect  of  airfoil/seal  rub  interaction  on 
tip  clearance.  An  abradable  seal  minimizes  the  clearance  increase  caused  by  rubbing  of 
the  airfoil  tips  against  the  shroud.  Most  rub  clearances  can  be  reduced  by  70%  with 
abradable  seals. 

Figure  22  (73)  dramatically  illustrates  the  results  of  a CF6-50C  ground-engine  test 
of  shroud  segments  of  a newly-developed  GE-NASA-Seal  material  (Genaseal)  and  of  the  current 
Bill-of-Material . The  Genaseal  shroud  segments  (porous  NiCrAlY  alloy  optimized  for  re- 
sistance to  the  engine  enrivonment)  are  numbered  11  and  14.  The  Bill-of-Material  shroud 
segments  are  numbered  9,10,12  and  13.  All  were  subjected  to  1000  engine  test  cycles 
equivalent  to  a typical  take-off,  cruise,  and  landing  engine  condition.  The  superiority 
of  the  Genaseal  shroud  segments  is  clearly  evident.  These  results  indicate  that  marked 
improvement  is  possible  in  this  critical  engine  performance  area  by  alloy  development  de- 
signed to  achieve  improved  resistance  to  severe  engine  environments.  Continued  efforts 
in  this  area  should  be  pursued  in  order  to  further  enhance  turbine  engine  performance. 

ENVIRONMENTAL  PROTECTION 

All  of  the  metallic  systems  discussed  for  turbine  stator  vanes  and  blades  require 
surface  protection  in  order  to  realize  their  high  use  temperature  potential  for  long 
service  times.  The  turbine  combustion  gas  poses  problems  of  oxidation  and  hot  corrosion 
which  range  in  severity  depending  upon  the  type  of  fuel  used  and  the  atmospheric  environ- 
ment. In  addition,  turbine  cyclic  operational  modes  cause  thermal  fatigue  cracking.  Con- 
siderable progress  has  been  made  in  developing  conventional  coatings,  thermal  barrier 
coatings,  and  in  alloying  techniques  to  provide  good  resistance  to  these  various  failure 
mechanisms.  In  addition,  research  on  fuel  additives  is  also  underway  to  reduce  the  harm- 
ful effects  of  impurities. 

Coatings  for  oxidation,  hot  corrosion,  and  thei^l  fatigue.  - Significant  advances  have 
been  made  in  the  development  of  coatings  for  advanced  superalloys  in  the  past  several 
years.  The  importance  of  this  aspect  of  high  temperature  materials  research  cannot  be 
over  emphasized  in  view  of  the  requirements  for  petroleum  conservation  which  dictate  the 
use  of  dirty  fuels . Even  greater  effort  is  needed  in  this  area  to  establish  tolerance 
limits  for  materials  and  coatings  and  to  provide  improved  coating  protection  for  turbine 
blades  and  vanes  so  that  such  fuels  can  be  used  without  lowering  turbine  operating 
temperatures . Figure  23  provides  a summary  of  fuel  costs  as  well  as  the  impurity  contents 
that  contribute  to  hot  corrosion  and  erosion  in  various  grades  of  fuel.  Associated  with 
desirable  reductions  in  fuel  cost,  are  impurity  content  increases  of  several  orders  of 
magnitude  which  contribute  to  increased  hot  corrosion  and  erosion. 

Figure  24  shows  the  effectiveness  of  some  of  the  most  advanced  coating  systems  on  two 
representative  high  strength  nickel  base  alloys  subjected  to  a cyclic  operational  mode  in 
the  LeRC  Mach  1 burner  facility.  The  cycles  consisted  alternately  of  1 hour  at  1090OC 
(2000°F)  and  3 minutes  at  room  temperature.  Shown  are  cycles  to  first  thermal  fatigue 
crack  and  cycles  to  first  observed  weight  loss.  The  results  are  displayed  from  left  to 
right  in  chronological  order  with  the  most  recent  development  at  the  extreme  right.  Im- 
provements over  commercial  alumlnlde  coatings  in  cycles  to  first  crack  by  a factor  of 
almost  eight  have  been  obtained.  The  advanced  coating  systems  displayed  are  described 
(74,75,76)  for  the  PVD  CoCrAlY,  the  aluminized  NlCrAlSi  and  the  Pt-Al  systems,  respectively. 
Figure  24  clearly  shows  a difference  in  coating  performance  for  the  two  alloys.  This 
emphasizes  the  necessity  for  tailoring  the  coating  to  the  substrate.  Such  tailoring  can 
most  readily  be  achieved  with  the  PVD  process,  since  virtually  any  desired  coating  compo- 
sition can  be  achieved  simply  by  evaporation  from  a molten  pool. 

Figure  25  shows  the  hot  corrosion  behavior  of  these  coating  systems  on  the  same  two 
alloy  substrates  under  cyclic  operation  in  the  Mach  1 burner.  The  cycle  Imposed  consisted 
of  1 hour  at  900°C  (1650OF)  and  3 minutes  at  room  temperature.  In  this  instance,  5 PPM 
salt  was  introduced  into  the  combustion  gas  stream  to  simulate  sulfidation  conditions. 

Again,  the  same  coating  systems  were  not  best  for  both  alloy  substrates.  Also,  the  coating 
thatprovided  the  greatest  oxidation  protection  was  not  necessarily  the  one  that  gave  the 
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best  sulfidation  protection  for  a jjarticular  substrate.  It  is  apparent  that  the  coating 
system  must  also  be  tailored  to  the  substrate  to  achieve  the  most  effective  sulfidation 
protection. 

For  the  future, coatings  must  be  developed  for  long  life  protection  for  the  advanced 
temperature  ODS  systems,  the  DS  eutectics,  and  the  W fiber  reinforced  superalloy  systems. 
Although  the  ODS  NiCrAls  do  not  require  coatings  for  short  time  use  (500  hours)  they  may 
require  coating  protection  for  long  time  service  (thousands  of  hours) . Significant  pro- 
gress is  being  made  in  this  area.  Thus,  1000  cycles  (1  hr  at  1090°C  (2000OF) , 3 min.  at 
R.T.)  in  the  LeRC  Mach  1 burner  facility  were  run  with  PWA  267  (a  PVD  NiCrAl  coating)  as 
well  as  NASCOAT  70M  (an  aluminized  FVD  NiCrAl  coating)  on  a TD-NiCrAl  substrate  without 
significant  weight  loss.  This  represents  a 25  to  30%  life  improvement  over  uncoated 
TD-NiCrAl.  In  the  area  of  advanced  eutectics,  excellent  isothermal  oxidation  resistance 
has  been  achieved  at  1090°C  (2000OF)  with  the  V/ g"  - S eutectic  by  means  of  a NiCrAlY 
plus  Pt  overlay  coating  (77) . The  coating  also  provides  some  improvement  in  resistance 
to  thermal  fatxgue  cracking.  However,  coating  modifications  are  needed  to  increase  coating 
ductility  so  as  to  further  improve  thermal  fatigue  resistance. 

Because  the  overlay  coating  method  is  not  dependent  upon  diffusion  with  the  substrate, 
it  affords  the  opportunity  for  applying  a wide  variety  of  coating  compositions.  Because 
of  this  versatility,  the  method  has  great  appeal  to  the  coating  designer.  However,  the 
high  cost  of  the  PVD  method  (currently  the  most  common  method  of  applying  overlay  coatings) 
makes  development  of  alternative  low  cost  overlay  coating  processes  of  considerable  im- 
portance. Finally,  coating  the  increasingly  complex  internal  cooling  configurations  of 
high  temperature  turbine  blades  and  vanes  poses  an  even  more  severe  problem.  Further 
work  is  needed  to  provide  economically  as  well  as  physically,  viable  techniques  to  meet 
this  growing  challenge. 

In  addition  to  the  need  for  further  development  of  coating  techniques , there  is  a 
major  requirement  for  developing  reliable  methods  to  predict  coating  life.  Recent  work 
at  NASA  (78,79)  is  directed  toward  developing  a better  understanding  of  the  two  primary 
coating  degradation  mechanisms  associated  with  turbine  blade  and  vane  applications. 

These  are:  (1)  inter-diffusion  of  key  elements  from  the  coating  into  the  metal  substrate 
and,  (2)  oxidation  and  spallation.  Equations  are  proposed  for  a first-approximation  oxi- 
dation attack  parameter  applicable  to  NiCrAl  coating  systems.  Experimental  verification 
studies  under  long  time  exposure  conditions  are  currently  being  conducted. 

Alloy  design  for  oxidation  protection.  - Another  promising  approach  (80)  for  increasing 
environmental  protection  is  by  compositional  alterations  to  the  substrate.  Figure  26 
shows  how  the  cyclic  oxidation  resistance  of  a high  g'  content  nickel  base  alloy  was  in- 
creased by  small  additions  (0.5  wt.  7.)  of  silicon.  Negligible  weight  loss  was  observed 
after  300  cycles  (1  hour  at  1090°C  (2000OF)  followed  by  3 minutes  at  room  temperature)  in 
the  LeRC  Mach  1 burner  facility.  Alloy  performance  was  as  good  as  with  a commercial 
aluminide  coating.  Long  time  creep  rupture  properties  were  not  degraded  by  the  silicon 
addition  when  suitable  heat  treatments  were  applied.  This  approach  should  be  exploited 
as  a means  of  increasing  the  totality  of  environmental  protection  rather  than  as  a sub- 
stitute for  coatings. 

Fuel  additives.  - The  introducton  of  additives  into  the  turbine  fuel  affords  another 
means  for  reducing  hot  corrosion  attack.  Some  progress  has  already  been  made  in  this 
area  (81) . Typical  results  obtained  from  cyclic  burner  tests  with  representative  super- 
alloys, IN-100,  and  IN-792,  are  shown  in  figure  27.  A commercial  chromium-based  fuel 
additive  was  used.  Exposure  cycles  consisted  of  1 hour  at  900oC  (1650OF)  followed  by 
3 minutes  of  forced  air  cooling.  Five  PPM  sea  salt  was  injected  into  the  gas  stream  and 
the  soluble  salts  were  washed  off  the  specimens  after  every  10  cycles.  The  specific  weight 
change  after  each  wash  was  determined  and  a comparison  is  provided  for  the  same  alloys 
evaluated  in  oxidation  only  (no  additive,  no  sea  salt),  in  hot  corrosion  (sea  salt,  no 
additive),  and  in  hot  corrosion  with  the  fuel  additive.  The  figure  shows  that  the  fuel 
additive  reduced  material  weight  loss  by  about  a factor  of  two.  This  was  also  generally 
the  case  for  all  the  alloys  investigated  regardless  of  their  chemistries.  However,  con- 
siderable hot  corrosion  attack  was  still  observed.  It  should  bi  emphasized  therefore  that 
the  fuel  additive  approach  should  be  considered  primarily  as  a valuable  adjunct  to  the 
protective  coatings  approach  and  not  as  a substitute  for  minimizing  hot  corrosion  in  gas 
turbine  engine  components. 

Thermal  barriers . - Recent  advances  (82)  have  been  made  in  providing  insulating  refractory 
oxide  coatings  on  the  order  of  .25  mm  (.010  in.)  thick  which  provide  effective  thermal 
barriers  on  cooled  turbine  vanes  and  blades.  The  payoff  consists  of  large  reductions  in 
both  coolant  flow  and  metal  temperatures.  For  example,  core  engine  turbine  vanes  coated 
with  a 0.51  mm  (.010  in)  ceramic  thermal  barrier  could  have  both  an  eightfold  reduction  in 
coolant  flow  and  a IIOOC  (200OF)  reduction  in  vane  metal  temperature  compared  to  an  un- 
cooled vane  (82) . Figure  28  illustrates  the  concept  and  indicates  some  of  the  results 
obtained  in  cyclic  burner  facility  tests  and  full-scale  J-75  engine  ground  tests  at  NASA- 
Lewis.  The  most  favorable  results  have  been  obtained  to  date  with  l27o  Y2O3  and  37.  MgO 
stabilized  Zr02  coatings  .25  mm  (.010  in)  thick  placed  over  a 0.1  mm  (.004  in)  NiCrAl 
layer,  plasma  sprayed  onto  the  blade  surface.  Fiture  29  shows  the  tested  fully  bladed 
J-75  turbine  wheel  after  500  cycles  from  1370oc  (2500OF)  to  flame  out  (83).  No  cracking 
of  the  oxide  was  observed.  The  thermal  barrier  concept  appears  very  promising,  particu- 
larly for  ground  power  applications,  in  which  coating  failxures  if  they  do  occur  are  not  so 
potentially  dangerous.  This  approach  may  afford  a way  of  extending  the  upper  use  tempera- 
ture for  turbine  blades  with  current  superalloy  materials  without  the  radical  technology 
change  required  by  substituting  a new  class  of  materials  such  as  the  DS  eutectics. 
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TRENDS  IN  TURBINE  COOLING  TECHNOLOGY 

Interest  in  improving  gas  turbine  cycle  performance  by  increasing  turbine  inlet 
temperature  places  a continuing  emphasis  on  the  development  of  more  efficient  and  flexible 
turbine  cooling  systems.  As  inlet  gas  temperatures  Increase,  a departure  from  the  simpler 
convection-cooled  configurations  toward  more  complex  airfoil  cooling  systems  involving 
combinations  of  impingement/ convection  cooling  and  surface  film  cooling  are  required. 

Figure  30  (from  ref.  84)  illustrates  this  dramatically  in  terms  of  calculated  cooling 
flow  requirements.  As  gas  temperature  and  pressure  Increase,  convection  cooling  require- 
ments rise  sharply.  Use  of  a more  sophisticated  cooling  system,  full-coverage  film  cool- 
ing, can  substantially  decrease  the  cooling  flow  required  at  current  gas  temperatures  and 
pressures.  Furthermore,  it  can  permit  operation  at  much  higher  gas  temperatures  and 
pressures  without  the  need  for  exorbitant  cooling  flows.  Figure  30  also  shows  the  po- 
tential benefit  of  applying  a thermal  barrier  coating  such  as  has  been  described  previously 
to  a convection  cooled  configuration.  This  combination  could  reduce  the  coolant  flow 
requirement  to  that  of  the  full-coverage  film  cooled  configuration.  There  would  of 
course  be  concomitant  advantages  in  this  combination  in  that  the  complex  processing 
procedures  associated  with  the  provision  of  drilled  film  cooling  holes  could  be  avoided. 

In  addition,  the  tendency  toward  more  complex  thermal  stress  patterns,  together  with 
greater  stress  amplification  factors  would  be  reduced.  Although  aerodynamic  penalties 
would  be  associated  with  the  thicker  trailing  edge  resulting  from  the  application  of  the 
thermal  barrier  coating  (85) , these  losses  are  expected  to  be  considerably  less  than 

with  ejection  of  air  from  the  multiplicity  of  holes  in  full  coverage  film  cooled  airfoils 
and  platforms . 

Extensive  research  is  underway  in  the  United  States  to  investigate  advanced  turbine 
cooling  concepts,  both  in  industry  and  government  installations  such  as  NASA.  To  effective- 
ly do  such  work  requires  advanced  facilities  such  as  one-vane  tunnel  hot  tests,  two  di- 
mensional vane  cascade  tests,  flat  plate  heat-transfer  measurements,  and  flow  visualization 
with  neutrally  bouyant  helium  bubbles.  Figure  31  (taken  from  ref.  84)  illustrates  a hot 
turbine  facility  under  construction  at  the  NASA  Lewis  Research  Center  which  is  expected 
to  be  operational  in  1978.  It  will  provide  pressures  up  to  40  atmospheres  and  tempera- 
tures to  2480  K.  Vane,  blade,  and  wall  temperatures  with  advanced  cooling  methods  will  be 
measured  during  turbine  operation  at  design  conditions  with  its  very  high  heat  fluxes. 

This  facility  and  its  full  capabilities  are  described  in  reference  86. 

Of  course,  in  addition  to  providing  the  means  for  experimental  verification  of  ad- 
vanced cooling  techniques  more  sophisticated  analytical  tools  are  needed.  These  must  deal 
with  predictions  of  complex  combustion  gas  and  coolant  flows  (particularly  those  at  the 
turbine  passage  end-walls)  and  the  associated  local  steady-state  and  transient-metal  tem- 
perature. Improved  methods  must  also  be  developed  for  life  prediction  of  turbine  com- 
ponents such  as  blades  and  vanes  since  they  are  subjected  to  complex  loading  cycles  at 
temperatures  where  both  fatigue  and  creep  mechanisms  are  active.  One  of  the  more  recently 
developed  and  promising  approaches  for  handling  the  fatigue-creep  problem  is  the  method  of 
Strainrange  Partitioning  (87) . This  method  is  currently  under  investigation  under 

the  auspices  of  the  NATO  AGARD  Structures  and  Materials  Panel.  A specialists  meeting  is 
scheduled  for  the  spring  of  1978  at  which  19  participating  laboratories  from  5 nations 
will  present  the  findings  of  their  independent  assessment  of  the  method's  capabilities  for 
characterizing  the  high  temperature  low  cycle  creep-fatigue  behavior  of  high  temperature 
engineering  alloys.  Each  laboratory  will  be  testing  a material  that  is  of  interest  to 
their  own  organization.  Approximately  2/3  of  the  materials  are  high  temperature  gas 
turbine  materials.  It  should  also  be  noted  that  within  the  past  year  a number  of  ad- 
vancements have  been  made  in  extending  the  capability  of  Strainrange  Partitioning  to  a 
number  of  practical  design  problems.  Reference  88  describes  in  detail  techniques  for 
utilizing  Strainrange  Partitioning  under  conditions  of  multiaxiality  at  high  temperatures. 
Techniques  are  also  now  under  development  for  applying  the  method  to  the  nominally  elastic 
fatigue  regimie  and  its  applicability  for  treating  simulated  thermal  fatigue  problems  is 
delineated  in  detail  (89) . 

Finally,  in  order  to  most  effectively  apply  turbine  component  life  prediction  methods, 
the  most  accurate  possible  knowledge  of  the  local  transient  temperatures  and  strains  is 
required.  Preliminary  work  at  NASA  indicates  that  advanced  experimental  methods  such  as 
infra-red  image  enhancement  afford  promise  as  a means  of  establishing  the  time  temperature 
history  of  simulated  airfoil  applications.  These  can  then  be  used  together  with  finite 
element  analysis  to  establish  local  critical  strain  conditions. 

SUMMARY 

Significant  payoffs  in  turbine  engine  performance  can  be  achieved  by  providing  ad- 
vanced materials,  coatings,  and  cooling  technology.  Significant  improvements  are  en- 
visioned for  intermediate  and  high  temperature  gas  turbine  components  such  as  the  disks, 
combustors,  stator  vanes,  and  turbine  blades.  Before  such  payoffs  can  be  realized  in 
engine  service,  formidable  problems  must  be  overcome  in  bringing  materials  and  turbine 
cooling  capability  to  the  level  needed.  These  are,  of  course,  the  challenges  faced 
by  the  technologist. 

For  disks  prealloyed  powder  superalloys  are  expected  to  afford  both  increased 
strength  as  well  as  reduced  fabrication  cost.  For  low  stressed,  high  temperature  com- 
ponents such  as  combustors  and  stator  vanes,  ODS  alloys  have  a 90oC  (160OF)  higher  use 
temperature  potential  than  conventional  sheet  materials.  Ceramics  afford  the  highest 
use  temperature  potential,  on  the  order  of  1400OC  (2600OF) , of  all  materials  for  stator 
vanes  with  SiC  and  S1-)N4  being  the  most  promising.  For  high  stressed,  high  temperature 
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components,  such  as  the  turbine  blades,  directional  structures  afford  major  Improvements 
over  the  strongest  conventional  cast  superalloys.  The  DS  eutectic  systems  presently  ap- 
pear to  offer  as  much  as  an  80oC  (ISQOF)  use  temperature  advantage.  Although  the  tech- 
nology for  tungsten  fiber  reinforced  superalloys  is  not  as  advanced  as  that  for  DS  eu- 
tectics, these  composites  afford  potentially  the  highest  use  temperature  capability  of 
all  the  directional  metallic  systems  with  strengths  as  much  as  five  times  greater  than 
current  superalloys . The  ultimate  in  use  temperature  capability  for  turbine  component 
applications  resides  in  ceramics  with  potential  use  temperatures  as  high  as  1370OC 
(2500OF) . To  successfully  apply  ceramics  to  the  high  stressed  turbine  blades  and  disks, 
however,  the  designer  will  have  to  tailor  his  design  philosophy  to  deal  with  these  ma- 
terials of  essentially  no  ductility  by  utilizing  fracture  mechanics  concepts  and  ad- 
vanced 3D  finite-element  stress  analysis  techniques.  Early  applications  will  probably 
need  to  operate  at  relatively  low  average  stresses  because  of  the  low  ductility. 

The  problem  of  providing  environmental  protection  to  turbine  vanes  and  blades  as- 
sumes an  even  greater  importance  than  heretofore.  The  economic  necessity  for  using  dirty 
fuels  containing  greater  quantities  of  impurities  that  contribute  to  hot  corrosion  and 
erosion  demands  that  improved  substrate/coating  combinations  be  developed.  This  concept 
must  be  embodied  in  future  advanced  metallic  system  designs  for  high  temperature  turbine 
components . 

Finally,  advanced  turbine  cooling  concepts  such  as  impingement/ convection  cooling 
are  required  in  order  to  improve  gas  turbine  cycle  performance  by  permitting  increased 
turbine  inlet  gas  temperatures.  More  sophisticated  analytical  methods  must  be  developed 
to  deal  effectively  with  predictions  of  complex  combustion  gas  and  coolant  flows.  In 
addition,  improved  methods  such  as  Strainrange  Partitioning  are  under  develop- 

ment for  life  prediction  of  turbine  components  that  are  subjected  to  complex  loading  cycles 
where  both  fatigue  and  creep  mechanisms  are  active. 
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Fig.  1.  - Turbine  engine  payoffs  from  advanced  materials 
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Fig.  2.  - Increased  yield  strength  projected  for  prealloyed  powder  alloys 
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Fig.  3.  - Prealloyed  powder  alloys  superior  to  currently  used  conventional 
cast  and  forged  alloy  in  stress  to  rupture 
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Fig.  4.  - Prealloyed  powder  process  permits  reduced  costs  in  disk  fabri- 
cation compared  to  conventional  forging  process 
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Fig.  5.  - Increased  use  temperature  projected  for  ODS  superalloys  and 
ceramics  for  high  temperature  low  stress  applications 
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Fig.  6.  - Superiority  of  ODS  vanes  at  overtemperature  conditions 
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Fig.  7.  - Changing  to  NiCrAl  base  affords  substantial  improvement  in 
cyclic  oxidation  resistance  of  ODS  alloys 
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Fig.  8.  - Directional  solidification  increases  thermal  fatigue  resistance 
of  supcralloys 


.1-18 


1800  2000  2200  2400  2600 

TEMPERATURE,  ®F 


Fig.  9.  - Ceramics  show  significant  stress  rupture  strength  increase  over 
metallic  vane  materials 


Fig.  10.-  Increased  use  temperature  projected  for  directional  structures 

for  high-stress,  high- temperature  applications.  (Test  condition, 
30  ksi,  5000  hours.) 
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Fig.  11.-  Directionally  solidified  eutectic  alloys  for  blade  application 
show  significant  advantage  over  conventional  superalloy  in  1000 
hour  stress-rupture. 
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Fig.  12.-  Two  types  of  DS  eutectics 
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- Oxide  dispersion  strengthening  plus  gamma  prime  strengthening 
provides  large  use  temperature  increases  over  conventionally 
cast  and  directionally  solidified  alloys:  test  conditions: 

103  MN/m2  (15KS1),  1000  hour  life 
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Refractory  metal  fiber  reinforced  alloys  show  potential  advantage 
over  advanced  blade  materials 
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17.-  Flow  diagram  of  diffusion  bonding  techniques  for  the 

manufacture  of  tungsten  fiber-Ni  alloy  matrix  monotapes 
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. - Thermally  cycled  tungsten  wire  reinforced  superalloy  composite 
promises  acceptable  thermal  fatigue  resistance 
(W-1  Th02/FeCrAlY) 
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Fig.  19.-  Impact  strength  improvements  in  Si3N4  ceramic 


Fig.  20.-  Earljr  efforts  to  handle  problem  of  low  ductility  of  ceramic 
blades 
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Fig.  21.-  Abradable  seals  can  reduce  post  rub  clearance  by  10% 


Fig.  22.-  Advanced  abradable  porous  NiCrAlY  (Genaseal)  shows  Improvement 

over  current  seal  material  after  1000  test/cycles  in  CF6-50C  engine 
groimd  tests.  Genaseal  numbers  11  and  14;  Bill  of  material 
seal  numbers  9,  10,  12,  13 
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Fig.  24.-  Coatings  offer  oxidation  and  thermal  fatigue  protection  but 
must  be  tailored  to  substrate 
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Fig.  25.-  Coatings  afford  hot  corrosion  protection  but  must  be  tailored 
to  substrate 
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Fig.  26.-  Beneficial  effect  of  silicon  addition  on  Mach  1,  room 

temperature  to  1090OC  (2000OF)  cyclic  oxidation  resistance 
of  nickel  alloy  B-1900 
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DISCUSSION 


A.W.H.Morris,  UK 

You  have  presented  a very  interesting  paper  and  I would  like  to  make  one  comment  concerning  tungsten  wire 
reinforcement.  The  NOTE  has  done  a considerable  amount  of  work  in  this  field  and  I would  not  share  your 
optimism  for  this  material  for  rotor  blades  in  an  aero  engine. 

My  question  concerns  directionally  solidified  blades  in  which  not  only  are  grain  boundaries  longitudinal  to  the  blade 
but  also  the  grain  strength.  In  a blade  one  has  a complex  stress  pattern  including  transverse  and  high  local  stress 
perturbations.  1 believe  there  is  evidence  of  the  longitudinal  grain  boundary  “unzipping”  in  D.S.  blades.  Can  you 
please  comment  and  offer  any  solution  to  the  problem. 

Author's  Reply 

During  casting  of  D.S.  blades  cracking  or  “unzipping”  was  sometimes  observed  along  grain  boundaries.  The  addition 
of  Hf  was  found  to  increase  transverse  ductility  and  eliminate  this  difficulty.  From  a more  general  point  of  view, 
there  is  always  the  possibility  for  a D.S.  product  to  suffer  from  splitting  along  the  aligned  grain  boundaries  if  the 
applied  loads  and  thermal  strains  are  too  great  in  the  transverse  direction.  Aside  from  redesigning  to  reduce  the 
transverse  loads  and  strains,  it  may  be  possible  to  improve  the  transverse  properties  of  the  material  by  slight 
chemistry  changes.  It  should  also  be  possible  to  increase  the  “grain  size”  and  thereby  reduce  the  total  transverse 
grain  boundary  area,  thus  reducing  the  basic  source  of  transverse  weakness.  An  obvious  possibility  is  to  eliminate 
the  transverse  grain  boundaries  altogether  by  growing  single  crystal  components. 


A.Mihail,  France 

Je  tiens  a feliciter  Monsieur  Ault  pour  son  expose  qui  a fait  le  point  de  ces  problemes  d’une  fa9on  remarquable. 
J'aurais  les  questions  suivantes  a lui  poser:  Vous  avez  parle  de  la  solidification  directionnelle.  Peut-on  savoir 
quel  est  Tetat  d’avancement  de  ce  probleme  sur  le  plan  industriel  proprement  dit  et  quand  il  sera  disponible  pour 
I’emploi  courant? 

Author’s  Reply 

Directionally  solidified  (D.S.)  MAR  M-200  + Hf  has  been  used  for  several  years  in  turbine  engines.  Industry  and 
Government  development  efforts  currently  under  way  indicate  that  D.S.  eutectics  may  be  used  in  turbine  engines  in 
2-3  years.  Industry  has  developed  a capability  for  directionally  solidifying  superalloys  for  use  as  turbine  blades. 

A.Mihail,  France 

Vous  avez  parle  des  fibres,  mais  vous  n’avez  pas  mentionne  les  fibres  de  carbone  et  de  bore  (boranes).  Quelle  est 
votre  opinion  sur  ces  types  de  fibres? 

Author’s  Reply 

Superalloy  matrix  composites  reinforced  with  fibers  other  than  tungsten  have  merit  and  are  being  studied  at  NASA 
and  other  laboratories.  Other  refractory  metal  alloy  fibers,  molybdenum,  tantalum,  niobium  as  well  as  carbide, 
oxide,  and  nitride  fibers  in  superalloys,  have  been  identified  as  systems  with  excellent  potential  for  high  temperature 
components.  The  tungsten/superalloy  composite  represents  one  of  the  stronger  first  generation  systems  and  employs 
readily  available  fibers.  Further,  the  plastic  deformation  tolerance  of  tungsten  wire  at  composite  fabrication  tem- 
peratures is  desirable  in  developing  process  techniques.  It  should  be  noted,  however,  that  more  refractory,  and  more 
brittle  non-metallic  fibers  have  greater  strength-density  potential  for  future  development. 

In  our  paper,  we  confined  our  discussion  of  fiber  reinforced  materials  to  turbine  blade  applications.  Both  carbon 
and  boron  fibers  are  primarily  associated  with  low  temperature  applications  such  as  fan  or  compressor  blades.  The 
use  of  carbon  or  boron  fibers  as  reinforcements  for  superalloy  matrix  turbine  blades  would  pose  very  significant 
problems  due  to  fiber-matrix  interaction.  This  would  occur  not  only  during  fabrication  but  also  during  high 
temperature  service.  The  question  also  makes  reference  in  parenthesis  to  boranes,  presumably  the  boranes  referred 
to  are  the  earlier  boron  fibers  made  from  the  diborane.  These  fibers  were  of  generally  poor  quality.  Current  boron 
fibers  are  made  by  a boron-chloride-hydrogen  process. 


A.Mihail,  France 

Vous  avez  fait  mention  de  I’utilisation  de  nouveaux  materiaux  dont  les  ceramiques.  Ces  demiers  posent,  je  crois, 
des  problemes  du  point  de  vue  ^lasticite  et  resistance  aux  chocs  thermiques.  Que  pouvez-vous  nous  dire  sur  ce 
dernier  point  et  quelle  est  I’experience  en  la  matiere? 

Author’s  Reply 

The  problems  associated  with  the  application  of  ceramics  to  turbine  components  are  considerable  and  our  paper 
deals  with  a discussion  of  ceramics  for  potential  high  temperature,  low  stress  applications  (pp.6-7)  as  well  as 
potential  high  temperature,  high  stress  applications  (pp.  1 1 and  1 2).  Rather  extensive  screening  of  many  ceramics 
has  been  conducted  in  burner  tests  in  which  ceramic  wedge-shaped  specimens  have  been  alternately  subjected  to  a 
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hot  and  cold  gas  stream.  In  this  way  it  has  been  possible  to  determine  the  more  f'tvorable  ceramics  from  a thermal 
shock  resistance  standpoint.  Both  Si3N4-  and  SiC  base  materials  are  particularly  outstanding  in  this  regard  and  have 
a combination  of  properties  which  make  them  superior  in  thermal  stress  resistance  to  the  oxide  ceramics  considered 
for  turbine  application  in  the  past.  These  properties  are  high  strength  (a) , relatively  high  thermal  conductivity  (K), 
and  low  thermal  expansion  coefficient  (a).  These  properties  along  with  Young’s  modulus  (E) , are  used  to  deter- 
mine the  v.'idely  used  parameters 


Ri 


a 

and  R, 

Ea  " 


ffK 

Eft 


which  define  for  brittle  materials  the  relative  thermal  stress  resistance  for  an  instantaneous  surface  temperature 
change  and  for  steady-state  heat  flow,  respectively.  SijN4- and  SiC-base  materials  have  high  R,  and  R^  values 
compared  to  most  oxide  based  ceramic  materials.  The  work  at  NASA-Lewis  and  at  other  organizations  has  clearly 
demonstrated  the  superiority  of  SiC  and  Si3  N4  base  materials  over  other  classes  of  ceramics  from  the  standpoint  of 
thermal  shock  resistance. 


Question  from  a UK  participant 

What  do  you  think  are  the  potentials  of  single  crystals? 


Author’s  Reply 

Preliminary  data  indicate  that  single  crystal  alloys  designed  for  turbine  blade  applications  may  have  use  temperature 
potential  approximately  equivalent  to  first  generation  D.S.  eutectics,  that  is  25°  to  55°C  (50°  to  100°F)  greater 
than  D.S.  MAR  M-200  + Hf.  A substantial  amount  of  research  and  development  is  still  needed  to  fully  define  the 
characteristics  and  use  temperature  capability  of  single  crystal  alloys.  It  is  not  anticipated  that  single  crystal  turbine 
blades  will  be  in  service  before  the  end  of  this  decade. 


M.J.Holland,  UK 

In  connection  with  thermal  barrier  coatings,  could  you  confirm  that  you  are  working  with  Zirconia  rather  than 
zirconate,  also  do  you  find  coating  adherence  worse  on  the  sharp  radius  of  curvature  leading  edge  region  than  on 
other  parts  of  the  aerofoil? 

Author’s  Reply 

Thermal  barrier  coatings  offer  an  attractive  near-term  technology  for  improving  the  performance  and/or  durability 
of  gas  turbines.  Preliminary  analysis  of  current  high  bypass  subsonic  engines  indicates  that  if  a thermal  barrier 
coating  is  applied  so  that  turbine  inlet  temperature  can  be  increased  80°C  and  cooling  air  flow  reduced  40  percent, 
and  1 8 percent  increase  in  thrust,  a four-fold  increase  in  life,  and  a two  percent  decrease  in  fuel  consumption  can  be 
achieved  with  current  blade  and  vane  alloys.  These  coatings  also  have  good  retrofit  potential.  Benefits  can  be  taken 
in  terms  of  combinations  of  performance  improvement  as  well  as  life  improvements.  Current  efforts  are  aimed  at 
gas  turbine  readiness  demonstrations  in  the  mid  1980  time  frame. 
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THE  STATUS  OF  SMALL.  COOLED,  AXIAL-FLOW  TURBINES 

H.  F.  Due,  Teledyne  CAE,  1330  Laskey  Rd.,  Toledo,  Ohio  43612 
A.  E.  Easterling,  U.  S.  Army  AMRDL,  Eustls  Directorate,  Ft.  Eustls,  Va. 
J.  E.  Haas,  U.S.  Army  AMRDL,  Lewis  Directorate,  Cleveland,  Ohio 


SUMMARY 


In  the  past  ten  years,  a number  of  government  and  Industry  programs  have  been  conducted  with  the 
objective  of  Identifying  and  quantifying  solutions  to  aid  the  turbine  designer  faced  with  the  problem 
of  designing  small,  cooled,  axial-flow  turbines.  The  problem  Is  two-fold:  one  Is  achieving  a 
preselected  aerodynamic  perforT,;ance  and  structural  life;  the  other  lies  In  defining  the  flowpath  and 
cycle  variables  necessary  to  satisfy  the  performance  problem. 

The  small  turbines  addressed,  fall  In  the  l-to-5-pounds-per-second  airflow  class  with  gas  foil 
heights  of  less  than  1 Inch.  The  primary  variables  Include  blade  height  and  chord,  stagger  angle 
blade  thickness,  flowpath  curvature,  blade  curvature,  cooling-flow  Injection,  inlet  turbulence,  number 
of  blades  and  spacing,  and  turbine  work  level. 

Inability  to  consistently  and  accurately  predict  losses,  flow  conditions,  operating  velocity 
triangles,  and  thus  stage  matching  has  made  the  design  development  process  a time-consuming,  trial  and 
error,  and  hence,  costly  procedure. 

The  efforts  expended  to  develop  accurate  design  techniques  appear  to  reach  agreement  in  only  a 
few  general  areas.  In  many  cases,  differences  in  turbine  hardware  result  from  the  application  of 
different  design  systems  attempting  to  satisfy  the  same  problem  statement. 

This  paper  presents  the  findings  of  several  programs  which  addressed  the  small,  cooled,  axial- 
flow  turbine  design  problem  to  achieve  preselected  performance  levels  Investigating  the  flowpath 
variables  which  affect  turbine  performance. 

INTRODUCTION 

Historically,  the  one  gas  turbine  engine  component  which  has  presented  few  problems  and  concerns 
has  been  the  turbine.  The  design  of  this  component  was  considered  to  be  relatively  straightforward, 
yielding  efficiencies  Ip  the  88%  to  91%  range.  However,  requirements  for  higher  specific  power,  lower 
specific  fuel  consumption,  longer  life,  and  reduced  weight  dictated  turbines  with  higher  pressure 
ratios,  and  higher  turbine  Inlet  temperatures.  These  requirements,  particularly  for  small  engines, 
forced  the  turbine  designer  toward  small,  stubby,  low-aspect-ratio,  high-work  blade  designs  for 
which  empirical  design  correlations  were  nonexistent.  The  unavailability  of  accurate  methods  to 
predict  losses,  flow  conditions,  operating  velocity  triangles  and  thus  stage  matching  has  resulted 
In  consistently  optimistic  performance  predictions  and  has  made  the  design  development  process  an 
expensive  and  time-consuming  trial -and-error  procedure. 

In  1964  two  programs  were  sponsored  to  advance  the  technology  of  small,  high-work,  high- 
temperature,  axial-flow  turbines.  Both  programs  successfully  demonstrated  the  feasibility  of 
advanced  cooling  concepts,  but  failed  to  achieve  turbine  efficiency  goals.  One  program  (1)* 

Investigated  the  feasibility  of  utilizing  a closed  loop  fluid  (steam)  thermosiphon  cooling  system. 

The  predicted  efficiency  of  the  turbine  was  86.7  percent.  However,  the  demonstrated  total -to-total 
efficiency  was  only  81  percent.  The  other  program  (2)  Investigated  the  feasibility  of  utilizing  a 
transpiration  cooling  system.  The  demonstrated  performance  was  approximately  eighteen  percentage 
points  below  the  design  prediction.  The  predicted  performance  of  each  design  was  based  on  existing 
techniques  and  correlations.  However,  while  these  prediction  procedures  had  been  substantiated  In 
the  past,  they  were  derived  from  correlations  of  data  from  large,  uncooled,  axial-flow  turbines. 

Additional  effort  (3)  was  performed  to  investigate  two  potential  areas  of  performance  loss  in 
small  axial  turbines:  aspect  ratio  and  blade-tip  clearance.  It  was  concluded  from  this  effort  that 
the  performance  of  a small  axial-flow  turbine  deteriorates  rapidly  with  decreasing  aspect  ratios 
and  Increasing  blade  clearances. 

During  the  period  from  1968  to  1972,  various  studies  of  the  problems  associated  with  small,  axial- 
flow  turbines  were  conducted  by  the  government  and  private  industry.  In  general.  It  was  concluded 
that  the  degradation  of  efficiency  In  small,  axial-flow  turbines  relative  to  large,  axial-flow 
turbines  Is  a result  of  the  three-dimensional  end-wall  flows  In  the  small  turbine  and  the  Increase 
In  losses  In  small,  axial-flow  turbines  associated  with  blade  tip  clearance.  It  was  also  concluded 
that  the  data  required  to  establish  the  magnitude  of  the  losses  associated  with  small,  axial-flow 
turbines  Is  severely  lacking. 

In  1972,  a program  was  conducted  (4)  to  Investigate  various  parameters  which  affect  losses  and 
to  provide  the  advanced-technology  small,  axial-flow  turbine  designer  with  empirically-derived 
techniques  to  Improve  their  accuracy  In  predicting  losses,  flow  conditions,  and  velocity  triangles, 
and  In  design  point  matching. 

Several  recent  programs  (5,  6,  7,  8,  9)  were  directed  at  Investigating  the  aerodynamic 
penalties  Incurred  from  Injecting  cooling  air  from  the  gasfoll  surface  Into  the  main  stream. 
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A program  Initiated  In  1974  (Low-Aspect-Ratio  Turbine  Technology  Program)  has  the  objective 
of  synthesizing  the  losses  In  a turbine  stage  and  developing  an  analytical  model  which  could  be  used 
for  design  prediction. 

Of  the  many  Investigations  completed,  none  has  Indicated  that  It  Is  possible  to  analytically 
predict  the  flow  conditions  and  losses  In  a highly  loaded,  small,  cooled  turbine  stage  very 
accurately.  The  favored  design  approach  still  remains  overly  empirical,  and  the  design  goals  are 
achieved  by  trial -and-error  testing  In  test-rig  environments. 

Survey  of  Loss  Prediction  Methods 

A widely  used  procedure  to  estimate  turbine  efficiency  Is  to  relate  turbine  blade  loss 
characteristics  to  turbine  mean-section  velocity  diagrams,  Stewart  (10)  and  Smith  (11).  An  alternate 
approach  still  using  mean-line  parameters  Is  to  consider  a breakdown  into  Individual  losses,  such  as 
profile,  secondary,  tralling-edge  wakes,  Reynolds  and  Mach  numbers,  and  incidence,  and  to  correct 
for  annulus  and  tip-clearance  effects.  Ainley  (12,  13),  Balje'  (14,  15)  and  Cooke  (16)  give 
extensive  data  on  this  approach. 

Cold-flow  rig  test  evaluation  of  a fluid-cooled,  high-temperature,  gas  generator  turbine 
provided  observations  on  aerodynamic  problems  unigue  to  small,  cooled  turbines  (1).  A turbine  was 
designed  by  a conventional  approach  to  yield  an  efficiency  of  over  85  percent,  yet  which  tested  to 
only  a peak  of  82  percent.  Deterioration  of  performance  was  attributed  to  high  secondary  losses 
arising  from  short,  thick  blading,  low  aspect  ratios,  and  end-wall  effects.  Schlichting  and  Das  (17) 
suggest  that  blading  with  an  aspect  ratio  of  less  than  2.0  will  have  losses  mainly  comprised  of  end 
wall  or  secondary  flow  type.  Test  data  on  aspect  ratio  and  tip-clearance  effects  of  the  turbine  of  (1) 
suggest  a tradeoff  of  Increased  hub  work  for  longer  blading  to  produce  performance  similar  to  a 
turbine  with  higher  rim  speeds  but  shorter  blading  (18,  19). 


FIGURE  1.  TURBINE  EFFICIENCY  VERSUS  ROTOR  BLADE  HEIGHT  AT  1.5,  a5,  AND  5lO-PERCENT 
HEIGHT  CLEARANCE 
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Figure  1 summarizes  the  results  of  the  uncooled  turbine  aspect-ratio  testing  reported  In 
(18  and  19)  and  Indicates  a strong  correlation  of  efficiency  with  aspect  ratio.  The  addition  of 
cooling-injection  flows  compounds  the  situation,  because  higher  percentages  of  engine  airflow 
are  required  for  small  turbines  compared  to  large  turbines. 

Dunham  and  Came  (20)  made  Improvements  to  the  Ainley-Mathleson  prediction  technique  to 
better  account  fcr  secondary  and  tip  losses,  and  Figure  2 shows  a comparison  of  predictions  with  the 
test  results  of  (19).  Burrows  (21)  also  did  extensive  testing  and  correlated  data  on  the  low 
aspect  ratio  stator  of  (19)  for  Improvements  In  efficiency  prediction. 


0 10  20  30 

ROTOR  CHORD/MEAN  ROTOR  HEIGHT 
O EXPERIMENT  (ROGO) 

^ ORIGINA'  PREDICTION  METHOD 
X REVISED  iDICTION  METHOD 

— EXPERIMENT 
— — REVISED  PREDICTION  METHOD 


z 

o 

a. 

Z 

o 

Ui 


z 

o 

a. 


U 

i/i 


a 


PERCENTAGE  OF  BLADE  HEIGHT 
EXPERIMENT  (ROGO) 

ORIGINAL  PREDICTION  METHOD 
• .X-.  REVISED  PREDICTION  METHOD 


FIGURE  2.  DUNHAM  & CAME  TURBINE  EFFICIENCY  PREDICTION  VS.  TEST  DATA 


Carter  and  Lenherr  (22)  performed  cascade  testing  on  the  same  family  of  turbines  as  Burrows  tested. 
They  chose  a rectilinear  cascade  and  concluded  that  the  short  blades  of  (l9)  were  more  efficient. 

However,  the  data  also  showed  that  small  Irregularities  In  flowpath  and  small  leakages  Increased  total 
loss  coefficients  by  as  much  as  a factor  of  5.  The  method  of  defining  the  loss  coefficients  from  a 
simple  survey  can  also  lead  to  Inaccuracies  In  Interpreting  experimental  results  which  makes  the 
data  of  (23)  suspect. 

Several  Investigators  (24,  25,  26,  27)  have  shown  that  cooling  flow  and  location,  amount, 
and  type  of  Injection  Influence  aerodynamic  losses;  however,  no  universal  agreement  has  been 
reached  as  to  the  method  of  loss  prediction. 

Boundary-layer  and  end-wall  effects  have  been  examined  theoretically  and  semi -empirically 
(28,  29,  30,  31,  32,  33).  Agreement  between  test  and  theory  was  reported  difficult  to  achieve 
when  addressing  three  dimensional  flows,  blade  row  Interactions,  and  high  Mach  number  effects. 

Inlet  boundary  layer  and  distortion  effects  under  adverse  pressure  gradients  In  small  channels 
have  been  mentioned  as  loss  precipitators;  however,  data  Is  scarce.  Launder  (30)  presents  data 
showing  that  lamlnarizatlon  of  the  boundary  layer  Inside  a stator  passage  Is  essentially  Independent 
of  the  boundary  layer  entering  the  cascade. 

The  design  of  the* highly  loaded  turbine  of  (34,  35,  36)  employed  boundary  layer  analysis  to 
define  the  blade  and  wall  shapes,  and  tests  were  run  to  demonstrate  the  performance  caoabllltles. 

The  blading  Incorporated  high  aspect  ratios,  thin  trailing  edges  and  thin  airfoils  characteristic 
of  the  large,  uncooled  turbofan  turbine  and  could  not  be  scaled  for  use  In  a “small"  cooled  machine. 

The  approach  showed  potential,  but  application  of  a simple  free  vortex  turbine  In  the  same  flowpath 
and  with  the  same  mean  velocity  triangles  was  estimated  to  produce  the  same  efficiency  as  the 
tested  forced  vortex  turbine  of  (34). 
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Reference  (37),  reported  on  fundamental  cascade  and  full-round  testing  on  a high-work  turbine 
using  vortex  flow  generators,  tandem  blading,  tangential  blowing,  and  jet  flaps.  It  was  shown  that 
the  jet  flap  has  a significant  potential  for  Improving  performance  of  cooled  and  uncooled  con- 
figurations (38). 

Turbulence  Intensity  and  Reynolds  ntanber  effects  on  cascade  losses  (39,  40)  reported  that 
stator  losses  Increased  with  Increased  turbulence,  whereas  rotor  losses  decreased.  The  decrease 
1n  rotor  losses  was  attributed  to  a reduction  In  off-design  Incidence. 

A number  of  the  referenced  Investigations  were  performed  to  experimentally  determine  the  effects 
of  various  flow  disturbances  on  the  turbine  performance  and  then  to  establish  a model  to  enable 
prediction.  It  would  be  of  value  to  the  designed  If  he  could  quantitatively  assess  the  effects  of 
flow  disturbances  using  the  preliminary  or  detail  phase  of  turbine  design. 

The  loss  prediction  models  available  to  the  designer  of  small  axial-flow  turbines  cannot 
be  derived  by  dropping  many  of  the  second-and  third-order  effects,  as  can  the  larger  turbine 
design  models.  Therefore,  the  flow  analysis  must  address  the  second-and  lower-order  effects,  or 
they  must  be  dealt  with  empirically  by  testing  the  particular  size  turbine  of  Interest. 

Survey  of  Recent  Turbine  Loss  Investigations 

Previous  Investigations  of  turbine  losses  In  cascades  and  blading  of  various  designs  have 
stimulated  additional  research  to  better  understand  the  loss  mechanisms  present  In  high-velocity 
turbulent  flows  with  and  without  cooling-flow  injection. 

At  present  there  Is  no  agreed-upon  method  of  solution  or  even  an  indication  that  an  analytic 
loss-prediction  method  Is  feasible.  The  problem  Involves  the  solution  of  the  compressible, 
viscous,  three-dimensional,  turbulent  and  time-dependent  flow.  In  the  final  analysis  there  may 
never  be  a closed  form  solution  available.  However,  as  In  the  past,  some  correlations  can  be 
employed  to  produce  a system  of  semi -empirical  guidelines.  Several  recent  investigations 
(1970-1976)  have  approached  the  treatiTient  of  secondary  flow  losses  in  low-aspect  ratio  turbine 
stages  experimentally. 

Ewen,  Huber  and  Mitchell  (41)  Investigated  blade  height  (1.45-1.65  cm),  end-wall  contouring, 
reaction  and  Mach  number  in  a 25.3-cm  (tip-diameter)  turbine  and  concluded  that;  (1)  efficiencies 
of  85  percent  are  attainable,  (2)  blade  height  has  no  effect  on  efficiency  If  the  turbine  is  designed 
for  the  correct  annulus,  (3)  turbine  efficiency  Is  Independent  of  stage  work  level  (from  24  to 
50  J/g),  and  strongly  dependent  on  reaction  (mean  line  reactions  varied  from  26  to  39  percent), 

(4)  cooling-flow  penalties  are  not  appreciable  If  the  flow  Is  injected  at  vane  trailing  edge  or 
blade  tip  and  (5)  stator  endwall  contouring  is  effective  In  reducing  secondary  flow  losses. 

Okapuu  (42)  presents  results  of  a research  program  (22.7  cm,  tip  diameter)  where  he  stated 
that  turbine  efficiencies  of  88  to  89  percent  (total-to-total ) were  Indicated  by  turbines 
designed  for  supersonic  nozzle  and  rotot  discharge  flows  (blade  heights  of  approximately  2.90  cm). 

One  of  the  Interesting  features  of  this  work  Is  that  the  turbine  reaches  peak  efficiency  well  after 
rotor  choking  has  occurred.  The  turbine  stage  shows  a high  degree  of  loss  in  the  blade  tip  region, 
and  this  Is  also  the  region  of  maximum  work  output  as  Indicated  by  temperature  measurements.  The 
blading  of  this  turbine  was  stated  to  have  been  compromised  for  cooling;  however,  with  the  rotor 
trailing  edge  radius  of  0.023  cm.  It  would  be  difficult  to  accommodate  cooling  passages  with  today's 
state  of  the  art  In  manufacturing  of  cooling  passages,  using  either  casting,  EDM  or  drilling 
operations.  In  contrast  to  the  results  of  (41),  Okapuu  showed  that  the  peak  efficiency  occurs  at 
substantially  lower  reactions  (approximately  22  percent)  at  the  design  point  pressure  ratio.  The 
accuracy  of  the  estimated  peak  efficiency  Is  subject  to  question  since  the  efficiency  calculations 
were  based  on  measured  temperatures. 

Fruchtman  (43)  described  the  limit-load  phenomenon  which  turbines  experience  as  they  operate 
beyond  the  design  pressure  ratio.  A procedure  was  presented  to  estimate  the  boundary  layer 
separation  pressure  ratio.  The  simple  approach  should  be  welcomed  by  many  turbine  designers. 

The  Department  of  Defense  (the  Army,  the  Navy,  the  Air  Force  and  the  NASA)  have  supported 
continuing  efforts  toward  the  better  understanding  of  the  flow  In  small,  cooled,  axial-flow  turbines. 
Several  Investigations,  recently  completed,  are  discussed  in  the  next  section. 

Some  Results  of  Recent  Experimental  Studies 

The  performance  of  cooled  turbine  vanes  and  blades  In  actual  production  gas  turbine  hardware 
have  been  Investigated  using  production  hardware  1n  addition  to  hardware  designed  specifically  for 
research. 

One  of  the  studies  Investigated  the  aerodynamic  penalty  Incurred  when  cooling  a1r  was 
Injected  to  cool  the  GE-12  demonstrator  engine's  turbine  vanes.  The  performance  of  the  cooled 
vanes  was  compared  to  that  of  the  uncooled  and  to  cooling  penalty  predictions.  The  vanes  are  shown 
in  Figure  3.  It  can  be  noted  that  two  rows  of  cooling  holes  are  present  on  both  the  pressure  and 
the  suction  sides  and  that  they  are  In  close  proximity  to  the  maximum  curvature  on  the  suction 
side.  The  vanes  have  an  annular  end-wall  height  of  1.75  cm  and  a vane  aspect  ratio  of  0.5. 

During  the  exparlmental  Investigation  the  vanes  were  tested  over  a range  of  main  flow  to 
coolant  temperature  ratios  from  1.0  to  2.08  and  pressure  ratios  from  1.0  to  1.4  coolant  flows. 

They  resulted  in  a cooling  flow  range  from  3.0  to  10.7  percent  of  the  main  flow. 


% 
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FIGURE  3.  STATOR  VANE  SEGMENTS  USED  IN  ANNULAR  CASCADE  STUDY 


The  performances  of  the  cooled  vanes  are  show  in  Figure  4.  An  efficiency  of  92.9  percent 
was  obtained  for  the  uncooled  vanes  at  the  design  point  pressure  ratio.  The  figure  illustrates 
parametically  the  effects  of  the  cooling  flow  ratio  and  the  cooling  temperature  ratio  on 
efficiency. 
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FIGURE  4.  VARIATION  OF  PRIMARY  AND  THERMODYNAMIC  EFFICIENCY  WITH  COOLANT  TEMPERATURE 
AND  PRESSURE  RATIO 

Pressure  loss  contours  for  the  cooled  and  the  uncooled  vanes  are  shown  in  Figures  5 and  6 fo 
the  condition  of  10.7-percent  cooling  flow.  It  is  readily  seen  that  the  coolant  flow  injection 
caused  considerable  thickening  of  the  trailing-edge  wakes.  The  effects  of  cooling  flow  injection 
on  turbine  efficiency  was  estimate^  using  the  technique  of  Goldman  (9),  and  reasonable  agreement 
was  obtained  (Figures  7 and  8). 
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FIGURE  5.  TOTAL  PRESSURE  RATIO  CONTOUR  PLOT  FOR  PLUGGED  STATOR  VANE  CONFIGURATION 
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••OumiL  CONTOURS  OF  TOTAL  PRESSURE  AT  SURVEY  PLANE.  DATA  FOR  COOLANT  TO  PRIMARY  TOTAL 
PRfHURE  RATIO  OF  1.4  AND  PRIMARY  TO  COOLANT  TOTAL  TEMPERATURE  RATIO  OF  1.9a 
•COOLANT  FLON  EQUAL  TO  ia7%OF  THE  PRIMARY  FLOW) 
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CALCULATED  FROM  Tp’/Tc’  = 1.0  RESULTS 
USING  REFERENCES 
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FIGURE  7.  COMPARISON  OF  CALCULATED  AND  MEASURED  PRIMARY  AND  THERMODYNAMIC  EFFICIENCIES 
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Another  program  conducted  *«s  the  12.7  cm  axial  turbine  program  (5,  6,  7,  8).  The  objective 
of  this  program  was  to  determine  the  baseline  level  of  achievable  efficiency  and  evaluate  the  aero- 
dynamic penalty  due  to  cooling  air. 
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The  turbine  design  was  based  on  driving  a 10:1 -pressure-ratio  compressor  at  70,000  RPM,  a 
turbine  Inlet  temperature  of  1478K,  and  a mass  flow  of  0.952  kg/sec.  The  turbine  design  conditions 
are  listed  In  Table  I.  The  geometric  similarities  of  the  uncooled  and  the  cooled  turbines  are  given 
In  Table  II.  The  chord  length  and  blade  thickness  were  doubled  for  the  cooled  configuration  to  allow 
for  sufficient  Internal  cooling  passages.  The  uncooled  nozzle  and  rotor  are  shown  In  Figure  9,  and 
the  cooled  nozzle  and  rotor  are  shown  In  Figure  10.  The  test  performance  results  for  the  two  con- 
figurations are  shown  In  Figures  11  and  12.  The  solid  bladed  configuration  achieved  a total -to-total 
efficiency  of  83.2  percent,  and  the  cooled  bladed  turbine  achieved  82.8  percent  (with  cooling  holes 
plugged)  at  design  pressure  ratio  and  speed.  The  turbine  torque  data  was  measured  using  an  air 
dynamometer.  The  difference  of  0.5  percentage  points  represents  the  penalties  associated  with 
larger  blading  to  acconmodate  cooling  passages.  When  the  efficiencies  were  corrected  to  account 
for  mismatches  In  the  stator-rotor  throat  area,  ratio  efficiencies  of  84.0  and  82.3  percent  were 
estimated  for  so11d-and  cooled-blade  configurations,  respectively.  Therefore,  a difference  of 
1.7  percentage  points  represents  a more  realistic  assessment  of  the  efficiency  penalty  for  geometric 
differences. 

The  variations  of  primary  and  thermodynamic  efficiencies  with  pressure  ratio  when  cooling  flow 
was  Injected  are  shown  In  Figure  13.  An  efficiency  decrement  of  approximately  4.3  percentage  points 
was  observed  at  a stator  cooling  flow  of  3.3  percent  and  3.6  percent  rotor  cooling  air  at  design 
pressure  ratio.  The  turbine  efficiency  at  primary  to  coolant  temperature  ratios  simulating  an  engine 
condition  was  estimated  using  the  methods  of  Reference  9.  The  prediction  shows  that  the  primary 
efficiency  decreases  from  83.7  percent  to  82.0  percent  at  a temperature  ratio  of  2.4  (Figure  14). 

The  thermodynamic  efficiency  was  uneffected  by  the  coolant  temperature  ratio.  The  results  of  the 
solld-and  the  cooled-blade  turbines  are  sunnarized  In  Table  III. 

A recently  completed  program  (4)  at  Teledyne  CAE  had  the  objective  of  providing  the  turbine 
designer  with  empirically  derived  techniques  to  Improve  the  accuracy  of  predicting  losses,  flow 
conditions,  velocity  triangles,  and  design-point  matchings.  The  program  addressed  practical 
mechanical  constraints  typical  of  small,  highly  loaded  cooled  turbines,  such  as:  (1)  cooling  system 
type  and  Injection  method  or  location,  (2)  blade  fabrication,  (3)  wall  thickness  and  tolerances, 

(4)  engine  Integration  requirements,  (5)  life,  and  (6)  maintainability.  The  turbine  was  designed  for 
a work  level  of  419  J/g,  a nozzle  Inlet  temperature  of  1316°C  and  2.17  kg/sec  airflow. 


PARAMETER 

ENGINE 

EQUIVALENT 

TURBINE  INLET  TEMPERATURE,  K 

1478 

288.2 

TURBINE  INLET  PRESSURE,  N/cm^ 

92.1 

10.1 

MASS  FLOW  RATE,  KG/SEC 

a9S2 

0.246 

ROTATIVE  SPEED,  RPM 

70,000 

31,460 

SPECIFIC  WORK,  J/G 

307.3 

62.1 

TORQUE,  N-M 

39.91 

4.64 

POWER,  KW 

293 

15 

INLET  TO  EXIT  TOTAL  PRESSURE  RATIO 

2.57 

2.77 

INLET  TOTAL  TO  EXIT  STATIC  PRESSURE  RATIO 

2.92 

3.16 

TOTAL  EFFICIENCY 

0.85 

0.85 

WORK  FACTOR,  AVU 

U 

1.67 

1.67 

TABLE  I.  TURBINE  DESIGN  CONDITIONS 


PARAMETER 

COOLED  CONFIGURATION 

SOLID  BLADE  CONFIGURATION 

STATOR 

ROTOR 

STATOR 

ROTOR 

ACTUAL  CHORD,  CM 

2.102 

2.102 

1.051 

1.051 

AXIAL  CHORD,  CM 

1.607 

Z062 

a721 

5968 

LEADING  EDGE  RADIUS,  CM 

aiS2 

ao8i 

ao5i 

5028 

TFMLING  EDGE  RADIUS,  CM 

aOBO 

a036 

aolo 

5018 

RADIUS,  HUB,  CM 

5,331 

5.331 

5.331 

5331 

MEAN 

5.357 

5.367 

5367 

5357 

TIP 

6.383 

6.383 

6.383 

5383 

BLADE  HEIGHT,  CM 

1.051 

1.051 

1.051 

1.051 

SOLIDITY 

1.60 

1.71 

1.60 

1.68 

ASPECT  RATIO 

0.50 

0.50 

1.00 

1.00 

NUMBER  OF  BLADES 

28 

30 

56 

59 

RADIUS  RATIO 

0.835 

a835 

5835 

5835 

TABLE  II.  COMPARISON  OF  TURBINE  PHYSICAL  PARAMETERS 
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FIGURE  10.  COOLED  BLADE  TURBINE  CONFIGURATION 
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FIGURE  11,  PERFORMANCE  MAP  FOR  SOLID  BLADE  TURBINE 
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FIGURE  13.  VARIATION  OF  PRIMARY  AND  THERMODYNAMIC  EFFICIENCY  WITH  PRESSURE  RATIO.  (DATA 
AT  100%  EQUIVALENT  DESIGN  SPEED  WITH  3.3%  STATOR  COOLING  AIR  AND  3.6%  ROTOR  COOLING  AIR) 
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FIGURE  14.  PREDICTION  OF  COOLANT  MASS  FLOW  FRACTIONS  AND  TURBINE  EFFICIENCY  AT  A PRIMARY 

TO  COOLANT  TOTAL  TEMPERATURE  RATIO  OF  Z4  FROM  REDUCED  TEMPERATURE  RATIO  RESULTS 


The  overall  program  was  arranged  to  Isolate  the  variables  which  affect  turbine  flow  and  to  develop 
both  empirical  data  and  design  Judgement  criteria  which  can  be  Incorporated  Into  a design  technique. 

The  program  was  conducted  In  five  phases. 


The  Phase-1  effort  was  directed  toward  establishing  a turbine  design  to  meet  the  geometry 
objectives  stated  above  for  a high-performance  turboshaft  engine  environment.  The  physical 
size  of  the  turbine  Is  given  In  Table  IV. 

In  Phase-II,  various  turbine  configurations  were  tested  In  a cold  flow  annular  sector  cascade. 

The  configurations  were  obtained  using  the  Phase-I  turbine  aerodynamics  for  the  baseline  design  and  I 

' varying  nozzle  end  wall  contours.  Inlet-flow  field  distortion  and  nozzle  cooling  Injection.  The 

cascade  performance  was  determined  on  an  average  basis  using  a momentum  transfer  device,  and  detailed 
exit  surveys  were  performed  using  traversing  probes. 

The  Phase-III  effort  consisted  of  determining  the  turbine  performance  In  a stage  configuration.  i 

? The  baseline  aerodynamics  of  the  Phase-I  turbine  design  were  modified  based  on  the  results  for  the 

ji  Phase-II  testing.  The  effects  of  Inlet-flow  field  distortion,  blade  loading,  leakage,  and  nozzle  and 

i rotor  cooling  on  performance  were  also  Investigated  In  the  Phase-III  stage  configuration. 
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TURBINE 

CONFIG- 

URATION 

TOTAL 

PRESSURE 

RATIO 

EQUIVALENT 

TORQUE, 

N-M 

EQUIVALENT 
PRIMARY  FLOW, 
KG/SEC 

1.  DESIGN 

2.77 

4.64 

a246 

2.  SOLID  BLADE 

2.77 

4.27 

a231 

1 COOLED 

BLADE 
(COOLANT) 
HOLES  PLUGGED) 

2.77 

5,06 

a275 

4.  COOLED 

BLADE 
(COOLANT 
HOLES  OPEN) 

Z77 

4.93 

a263 

EFFICIENCY 


THERMODYNAMIC 


EXPERI- 

MENTAL 

CORREC- 

TED 

EXPERI-  ^ 
MENTAL 

CORREC- 

TED 

.850 

.850 

.850 

.850 

.832 

.840 

.832 

.840 

.828 

.828 

1 

.828  1 

1 

.823 

.837 

1 

.832 

1 

.785 

.780 

TABLE  III.  COMPARISON  OF  SOLID-AND  COOLED-BLADE  TURBINE  PERFORMANCES 


STATOR 

BLADE 

MEAN  INLET  ANGLE,  RADIANS 

0 

.809 

MEAN  EXIT  ANGLE,  RADIANS 

1.22 

1.05 

HUB  RADIUS  AT  EXIT,  CM 

a77 

6.35 

BLADE  HEIGHT,  CM 

1.21 

1.524 

AXIAL  CHORD,  CM 

Z11 

1.524 

ASPECT  RATIO 

a576 

1.0 

MEAN  LEADING.EDGE  RADIUS,  CM 

.178 

.076 

TRAILING  EDGE  RADIUS,  CM 

.038 

.038 

TABLE  IV.  SUMMARY  OF  STATOR  AND  BLADE  DESIGN  DATA 


NOZZLE  COOLING  FLOW- PERCENT 
OF  PRIMARY  FLOW 


FIGURE  15.  EFFECT  OF  STATOR  AND  ROTOR  COOLING  FLOW  ON  TURBINE  STAGE  EFFICIENCY 


The  results  of  Phases  II  and  III  were  combined  to  provide  the  basis  for  a design  technique  modi- 
fication In  Phase  IV.  The  turbine  was  modified  to  yelld  a performance  Increase  using  the  developed 
seml-empirical  model.  The  turbine  modification  consisted  of  a stator  throat  area  variation  with  the 
Intended  purpose  of  shifting  the  radial  distribution  of  flow  toward  the  Inner  flowpath  region. 

Phase-V  consisted  of  the  experimental  verification  of  the  turbine's  performance.  Tests  were 
performed  to  determine  the  stator  loss  distribution  and  the  turbine  stage  performance  for  two  rotor 
blade  loadings:  one  which  favored  the  suction  side  and  another  which  favored  the  pressure  side. 

The  results  showed  that  the  average  stator  loss  had  Increased  (relative  to  the  Phase  III  result) 
however,  the  stage  efficiency  was  Improved  by  one  percent  on  both  rotor  configurations,  and  the 
predicted  performance  level  was  achieved. 

The  results  of  the  cooling  flow  Investigations  conducted  In  Phase  III  of  the  proaram  are  shown 
In  Figure  15.  It  was  observed  that  the  Injection  of  the  stator  cooling  flow  from  the  pressure 
side  of  the  stator  had  little  effect  on  efficiency;  however,  the  rotor  blade  cooling  flow  had  a 
considerable  effect.  The  rotor  blade  cooling  flow  was  also  Injected  from  the  pressure  surface  at 
spanwise  locations  upstream  of  the  throat.  The  design-point  cooling  flows  of  6.3  percent  for  the 
stator  and  4 percent  for  the  rotor  resulted  In  an  efficiency  decrement  of  approximately  two  and  one-half 
points. 
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PARAMETER  OR 

EFFECT  OF: 

CONFIGURATION 

AND  CHANGE 

1 FLOW  1 

I EFFICIENCY  1 

EFFICIENCY 

PERCENT  CHANGE 
FROM  BASELINE 

PERCENT  DIFF. 
FROM  DESIGN 

POINTS  CHANGE 
FROM  BASELINE 

POINTS  OIFF. 
FROM  DESIGN 

NONEOESIGN 

DESIGN 

— 

— 

~ • 

— 

NOZZLE  90.1 
STAGE  80.2 

COOLING  FLOW  ON 
NOZZLE 

NOZZLE  ALONE: 

COOLING  FLOWS  OF 

OANO  1.8  PERCENT 

— 

6.4,  -4.(i 

0.  -ai 

Z4/2.3 

92.5/92.4 

DISK  WINDAGE 

BEARING  AND  COOL- 
ING PUMPING  LOSSES 

NOZZLE  PLUS  BLADE 

LESS  DISK  ASSEMBLY 

STAGE  EFFICIENCY  LOSS  (A)  DISK  WINDAGE  AND  BEARING  - 3.4 

IN  POINTS  e P « 1 ATMOa  (B)  DISK  WINDAGE.  BEARING  WITH  1.8%  ROTOR  COOLING  « 4.2 

NONE  BASELINE  PLR 

PLR  STAGE:  NO 

COOLING 

0 

•6.4 

0 

■3.7 

76.5 

COOLING  FLOW  ON  PLR 
STAGE 

PLR-STAGE  WITH 

COOLING,  WrN  * 4% 

Wcr-2% 

+2.0 

Bi 

■2.2 

■5.9 

74.3 

ROTOR  BLADE  LOADING 

SLR  STAGE:  NO 

COOLING 

0 

6.4 

+2.3 

•1.4 

78.8 

NOZZLE  BYPASS  FLOW 

ON  SLR  STAGE  PER 
FORMANCE 

SLR  STAGE  WITH 

Wbp-4% 

+4.0 

m 

-2.6* 

4.0 

76.2 

NOZZLE  BYPASS  FLOW 

ON  PLR  STAGE  PER- 
FORMANCE 

PLR  STAGE  WITH 

Wgp  « 4% 

+4.0 

2.6 

-1.6 

5.3 

74.9 

INCREASED  NOZZLE/ 
ROTOR  AXIAL  SPACING 
ON  PERFORMANCE  OF 
SLR  TURBINE 

SLR  STAGE  WITH  IN- 
CREASED NOZZLE/ROTOR 
AXIAL  SPACING  FROM 

0.25  TO  0.45  IN. 

0 

6.4 

-3.2 

■ 

75.6 

INCREASED  NOZZLE/ 
ROTOR  AXIAL  SPACING 
ON  PERFORMANCE  OF 
SLR  TURBINE  WITH 
NOZZLE  BYPASS  FLOW 

SLR  STAGE  WITH  0.2  IN. 
INCREASED  NOZZLE/ 
ROTOR  AXIAL  SPACING 
AND  Wgp  » 4% 

+4.0 

2.6 

■3.7 

5.1 

75.1 

INCREASED  BOUNDARY 
LAYER  ON  BOTH  WALLS 

PLR-STAGE:  8%  ANNU- 
LUS BLOCKAGE  PLATES 

ON  ID  AND  OD  WALLS 
40x40x0.012  SCREEN 

0 

6.4 

1.2 

■ 

75.3 

INCREASED  OUTER 

WALL  VELOCITY 
GRADIENT 

PLR-STAGE:  24%  ANNU- 
LUS BLOCKAGE  PLATE  ON 
ID  12  X 12  x 0.020  SCREEN 

0 

6.4 

0 

-3.7 

76.5 

DECREASED  ROTOR 
SOLIDITY  ON  PER 
FORMANCE  OF  PLR 
TURBINE 

PLR  BLADING  WITH  22% 
REDUCED  SOLIDITY 

G 

6.4 

•3.7 

■7.4  1 

72.8 

REYNOLDS  NUMBER  ON 
PERFORMANCE  OF  PLR  , 
TURBINE  ' 

PLR  STAGE  AT 

NR/Np  DESIGN 

0 

-6.4 

-2.7 

■1 

73.8 

REYNOLDS  NUMBER  ON  1 
PERFORMANCE  OF  SLR 
TURBINE 

SLR  STAGE  AT 

NR/Np  design  “ 

0 

6.4 

■2.5  • 

1 

-3.9 

76.3 

• BASELINE  IS  SLR  STAGE  WITH  NO  COOLING,  TEST  5. 


TABLE  V.  SUMMARY  OF  PHASE  III  TEST  RESULTS  AT  DESIGN  SPEED  AND  WORK 

A summary  of  the  many  flow  perturbations  Investigated  In  Phase  III  and  their  effects  on 
performance  are  given  In  Table  V.  The  PLR  and  SLR  stages  referred  to  In  the  table  denote  two 
rotors  of  different  design  loadings,  one  favoring  the  pressure  side  (PLR)  and  the  other  favoring  the 
suction-side  (SLR).  The  design-point  efficiency  of  both  stages  was  80.2  percent  and  both  were 
designed  to  the  same  velocity  triangles.  Reference  (4)  will  provide  a more  detailed  description 
of  the  design  and  test  parameters  described  In  Table  V. 

The  Phase  IV  analysis  Identified  a stator  modification  which  had  the  effect  of  decreasing  the 
hub  Incidence  and  Increasing  hub  reaction.  The  results  of  Phase  V are  compared  to  Phase  III  In 
Table  VI. 


PHASE  V 

PHASE  III 

DESIGN 

PLR 

SLR 

PLR 

SLR 

REFERRED  SHAFT  SPEED,  % DESIGN 

100% 

100% 

100% 

100% 

100% 

PRESSURE  RATIO  (TOTAL-TO-TOTAU 

4.0,. 

4.0 

4.0 

4.0 

4.0 

REFERRED  WORK,  AH/tf„  J/G 

73.S 

75.6 

72.6 

74.9 

77.7 

EFFICIENCY,  (TOTAL-TO-tOTAL) 

77.8 

79.9 

76.8 

79.1 

80.2 

ROTOR  REACTION,  HUB 

a044 

a072 

aoi2 

a046 

Oil 

ROTOR  REACTION,  MEAN 

a094 

ai30 

aioi 

0139 

017 

ROTOR  REACTION,  TIP 

ai45 

ai88 

ai90 

0233 

024 

V • >' 
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Both  stage  configurations  (SLR  and  PLR)  responded  favorably  to  the  stator  modification.  Rotor 
blade  Incidence  was  reduced,  and  hub  reaction  through  the  rotor  Increased  as  expected  to  ye11d  an 
approximately  1.0-po1nt  Improvement  In  stage  efficiencies.  The  SLR  performance  approached  to  within 
0.3  points  of  the  design  goal  efficiency  of  80.2  percent.  As  a result  of  the  stator  cutback,  air 
deflection  angles  were  reduced  through  the  stator  cascade. 

The  relative  performance  between  the  two  rotor  configurations  was  the  same  as  In  Phase  III 
testing,  with  the  suction  surface  loaded  configuration  yielding  superior  performance  by  2.1  points 
In  efficiency.  This  was  attributed  In  part  to  the  more  favorable  near-hub  rotor  Incidence  and  reaction 
of  the  SLR  configuration. 


Comparisons  of  Recent  Small-Turbine  Investigations 

A comparison  of  some  of  the  various  parameters  affecting  turbine  efficiency  should  suggest 
correlations.  The  turbine  Investigations  discussed  In  the  previous  section  are  compared  In  Table  VII. 
The  parameters  listed  Include  Important  physical  dimensions  and  design-point  aero-thermo  quantities. 
Also;  listed  are  the  design  (as  available)  and  test  values  of  total  - total  adiabatic  efficiencies 
at  design-point  pressure  ratio  and  equivalent  speeds.  The  physical  dimensions  of  the  turbine  vary 
with  the  cycle/engine  requirements  and  with  the  design  methodology  used  to  meet  the  cycle  requirements. 
For  example,  the  designer  has  a choice  of  a wide  range  of  speeds,  turbine  diameters  and  blade  heights 
to  meet  a particular  flow  rate  and  work  requirement.  Constrained  somewhat  by  compressor  speed 
requirements  and  structural  limitations  at  turbine  operating  temperatures,  the  designer  still  has  the 
freedom  to  design  several  turbines  differing  widely  in  blading  and  flowpath  to  fit  the  same  applica- 
tion. The  final  constraint  however  Is  optimum  perfomance.  Each  turbine  design  will  produce 
different  operating  characteristics.  Of  the  turbines  discussed  In  the  previous  section  and  compared 
in  Table  VII,  all  are  classified  as  small,  high-work,  cooled  turbines,  and  yet,  there  Is  a wide 
variation  of  physical  and  aero-thermo  parameters. 

One  of  the  most  significant  turbine  efficiency  correlating  parameters  Is  the  stage  work 
ci  riclent.  Figure  16  shows  efficiency  - stage  work  coefficient  correlation  for  the  turbines  In 
Table  VII.  Correlations  of  some  previous  Investigations  are  also  shown  as  taken  from  Horlock  (44). 

It  Is  readily  apparent  that  the  trend  of  decreasing  efficiency  with  increasing  work  coefficient  has 
been  consistent  throughout  the  years.  It  can  also  be  noted  that  the  level  of  efficiency  has  decreased 
with  decreasing  turbine  size.  Of  the  turbines  shown  In  Figure  16  only  number  4 does  not  fit  well  with 
the  correlation.  However,  it  can  also  be  noted  that  the  blade  height  of  that  turbine  is  twice  that 
of  most  others  In  the  comparison  and  that  the  aspfxt  ratio  Is  1.81  compared  to  the  others  of  around 
1.0.  In  addition  the  rotor  tralling-edge  radius  is  significantly  less  for  that  turbine  which  could 
also  be  a factor  contributing  to  Its  higher  efficiency.  In  drawing  conclusions  from  comparisons  and 


FIGURE  16.  TURBINE  EFFICIENCY  CORRELATIONS  WITH  STAGE  WORK  COEFFICIENT 
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1 

SOURCE 

ROTOR 

UP 

DIAMETER 

TIP 

CLEARANCE 

CM 

ROTOR 

BLADE 

HEIGHT 

CM 

1 

AXIAL 

ASPECT 

RATIO 

{ROTOR) 

AXIAL 

SOLIDITY 

(ROTOR) 

STAGE 

LOADING 

AH, 

ocr 

STATOR 

T.E.R 

CM 

1 

ROTOR 

T.E.R. 

CM 

EQUIVALENT 
ROTOR  TIP 
SPEED 
M/SEC 

STAGE  WORK 
COEFFICIENT 
gJAH 

TT 

TURBINE  STAGE 
EFFICIENCY 
TOTAL' TOTAL 

J/G 

(MEAN) 

DESIGN 

TEST  1 

1.  NASA 

1Z76 

a02&4 

1.051 

a50 

KM 

6Z1 

ao80 

a036 

2ia3 

1.66 

85.0 

Z P&w 

2S.3 

a0254 

1.65 

1.0 

44.2 

ao5i 

a032 

205.9 

1.18 

a.  p&w 

24.9 

a0254 

1.45 

a77 

71.6 

ao63 

ao7o 

26a2 

1.18 

4.  UACL 

2Z76 

a048 

Z9 

1.81 

8Z6 

ao47 

a023 

29Z0 

1.49 

8a2 

79.9 

5.  T/CAE 

15.75 

0.035 

1.524 

1.0 

BEH 

75.6 

ao38 

a038 

214.5 

1.49 

TABLE  VII.  COMPARISON  OF  SMALL  TURBINE  INVESTIGATIONS 


correlations  of  this  type  one  must  always  consider  all  of  the  geometric  and  aero-thermo  differences 
between  one  turbine  and  another  In  addition  to  those  previously  mentioned,  such  as  flowpath 
curvature,  vane  and  blade  profile  curvature,  vane-to-rotor  axial  spacing,  disk  front-face  leakage, 
vane  or  blade  lean  angle,  and  Inlet  turbulence  Intensity  and  velocity  profile,  just  to  mention  a few. 

It  should  be  accepted  that  specialized  correlations  of  turbines  designed  and  tested  by  a 
variety  of  sources  are  susceptible  to  errors  for  a number  of  reasons.  The  generalized  trend,  however, 
remains  fairly  true  to  that  Illustrated  In  Figure  16. 

CONCLUSIONS 

As  pointed  out  by  Benstein  (45),  the  design  of  turbines  for  high-performance  applications  with 
their  attendant  small  blade  heights,  high  stage  loadings,  and  Intricate  cooling  passages  has  not  come 
about  without  a great  deal  of  anguish  for  the  designer.  The  Investigations  delving  Into  quantifying 
the  secondary  flows  and  effects  on  turbine  losses  have  been  directed  toward  specific  apollcatlons, 
and  their  results  are  tempered  by  the  basic  design  technique  used  to  Initiate  the  Investigation.  A 
partial  solution  to  further  quantify  losses  is  therefore  an  iterative  process  whereby  many  redesigns 
are  tested  using  the  type  of  approach  followed  In  Reference  4,  whereby  a number  of  perturbations  on 
the  flow  field  are  produced  In  a systematic  manner  and  the  net  effect  Is  observed. 

If  the  data  shown  In  Figure  16  describes  a reasonable  efficiency-work  relationship  for  small 
turbines  which  address  the  tip  clearance,  trailing  edge  thickness,  low  aspect  ratio,  and  small  blade 
height  then  a relatively  simple  criteria  can  be  developed  to  satisfy  the  aero-thermo,  structural,  and 
cost  requirements  for  a particular  engine  application.  A loading  approach  of  this  type,  simplistic 
as  It  may  be,  satisfies  the  needs  of  most  designs,  at  least  during  the  preliminary  analysis.  More 
detailed  approaches  can  be  applied  to  estimate  the  sensitivity  of  performance  to  other  parameters, 
such  as  described  In  (4)  using  a modified  Ainley  model,  however, the  variation  from  the  trend  level 
of  Figure  16  will  not  be  greater  than  two  percentage  points.  Further  detailed  flow  analysis  approaches 
at  this  point  In  time  have  not  yellded  demonstrated  results,  however,  the  USAF-APL-sponsored  low 
aspect  ratio  program  now  In  progress  may  provide  them. 

With  regards  to  cooling  flows,  the  data  of  various  industry,  and  government-sponsored  Investiga- 
tions agrees  relatively  closely  and  follows  fairly  closely  the  simple  mixing  loss  analysis  (9). 

As  pointed  out  In  (41)  front-face  turbine  leakage  flow  can  produce  significantly  higher  losses  than 
vane  or  blade  Injected  flows.  This  effect  was  also  observed  In  the  reference  (4)  turbine,  as  shown 
In  Table  V. 

In  conclusion.  It  can  be  stated  that  the  design  techniques  presently  available  for  small, 
cooled  axial  flow  turbines  are  not  yet  adequate  for  meeting  the  requirements  of  high  performance 
gas  turbine  engines  without  relying  heavily  on  semi -empirical  relationships.  The  efficiencies  which 
can  be  expected  range  from  80  to  86  percent  depending  on  stage  loading  with  an  additional  penalty  of 
2 to  4 percentage  points  caused  by  cooling  air.  The  payoff  of  Increasing  the  efficiency  to  an 
average  of  87  compared  to  83  percent  would  be  realized  In  higher  specific  power  and  lower  fuel 
consumption. 
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ADAPTATIOW  0*UN  BANC  DE  TURBINE 
AUX  RECHERCHES  POUR  LES  HAUTES  TEMPERATURES 

J*  FRANCOIS  SNECMA-VILLAROCHE 
y.  LE  HOT  ET  J.  MTCHARD  ONERA  CHATILLON 
P.  DEGUEST  CEPr  SACLAY 


1 - INTRODUCTION 

Les  turboreacteurs  modernea  aont  caracteriaea  par  dea  temperaturea  et  correlativeraent  dea 
praaaiona  4lev4aa  devant  turbinea  afln  de  reduire  leur  conaommation  apecifique*  Parallelement  on 
damanda  a laura  composanta  et  notamraent  a la  turbine  dea  rendementa  plua  elevea  et  dea  dureea  de 
via  plua  longuaa.Cl] 

Pour  attaindra  caa  objectifa  il  a fallu  diveraifier  lea  techniquea  de  refroidiaaement  en  ame- 
liorant  la  convection  d'abord,  en  ayant  recoura  a la  protection  par  film  enauite. 

L*augmentation  dea  niveaux  de  presaion,  dont  reaulte  un  accroi aaeroent  dea  flux  de  chaleur,  a 
rendu  lea  aubea  plus  aensibles  aux  problemes  de  fatigue*  Leur  tenue  eat  done  devenue  de  plus  en 
plua  un  probleme  de  temperatures  locales  et  non  plua  de  temperaturea  moyennes* 

Una  bonne  connaiaaance  dea  conditions  exterieures,  coefficients  d*echange  et  temperatures, 
eat  done  maintanant  primordiale*  Le  r6le  de  1 'environnement  moteur  devient  alora  important,  lea 
het^rogeneites  de  preasions  et  de  temperatures,  le  niveau  de  turbulence,  lea  sillagea  et  la  centri* 
fugation  pouvant  modifier  lea  coefficients  d*echange  et  lea  efficacites  de  film* 

La  rendemant  da  la  turbina  inatallee  sur  le  moteur  peut  ^tre,  lui  auaai,  fortement  affecte 
par  cat  environnement  moteur,  lea  debits  de  refroidiaaement  emis  sur  lea  pales  ou  lea  plates^for- 
maa,  las  fuites,  las  jeux  et  lea  sillagea  pouvant  le  degrader  de  faqon  notable* 

C*ast  pourquoi,  apres  avoir  developpe  lea  methodes  de  calcul  et  lea  esaais  partiels  de  labo> 
ratoira  dans  las  differentes  disciplines  concerneea,  il  a paru  indispensable  de  concevoir  un 
moyan  d'asaais  reconstituant  le  mieux  possible  lea  conditions  de  1 'environnement  moteur  tout  en 
permattant  dea  mesuras  da  qualite* 

L'objactif  n'aat  pas  seulement  de  prouver  la  bonne  tenue  d'un  aubage  et  d'en  evaluar  le  rende* 
mant  dans  das  conditions  prochas  de  calles  du  moteur,  il  eat  surtout  de  caracteriser  ces  conditions 
da  fonctionnamant  pour  comprendra  1' influence  das  differents  parametres  et  valider  lea  methodes 
da  calcul* 

Cast  compta  tanu  de  ces  objectifa  qua  lea  services  officiels  (Direction  dea  Pecherches  et 
Moyans  d'Easais  en  liaison  avec  la  Direction  Technique  dea  Constructions  Aeronautiques)  ont  aaaocie 
un  motorista,  la  SNECMA,  un  office  de  recherche,  I'ONERA,  et  un  centre  d'essaia  specialise,  le 
CEPr,  dans  la  projat  MINOS  (Montage  Inter  ONERA-SNECMA) • 

2 - PLACE  DU  MINOS  DANS  UN  PROGRAMME  D'ETUDES  SUR  LES  TURBINES  HAUTE  TEMPERATURE 

Las  maauras  dAtaillAas  souhaitablas  pour  toutc:  analyse  fine  das  performances  dea  differents 
conposants  d'una  turbina  sont  gAnAralemant  impossibles  sur  banc  moteur  par  suite  de  la  compacite 
das  machines  expArimenteas  et  das  conditions  d* environnement  s^veres  rencontrees  (niveaux  de  tempe* 
raturasat  da  prassiona  ^lev^s,  vibrations)*  Da  plus,  dea  interferences  encra  differentes  discipli- 
nes (aerodynamiqua , tharmiqua,  metallurgia,  mecaniqua)  na  pannattant  souvant  d'acquerir  qua  das 
rAsultats  trop  globaux  pour  dtra  transposes  aisemant  a un  autre  type  de  turbine* 

Ainsi  la  validation  das  methodes  da  calcul  de  dimansionnament  et  da  prevision  das  performan- 
ces d'un  prototype,  devaloppeas  a partir  d'etudas  an  laboratoira,  conduit  a la  definition  d'un  mon- 
tage probatoira  intarmediaira  antra  lea  bancs  tharmiques  atatiques,  destines  aux  esaais  partiels, 
at  las  motaurs  propramant  dits*  Ca  montage  probatoira  doit  obligatoiramant  presenter  des  dispositifs 
da  contrdla  du  fonctionnamant  da  la  turbina  suffisammant  souplas  et  nombraux  pour  permettre  de  fai- 
rs variar  indepandammant  las  paramAtras  influenqant  las  phenomanas  a analyser  dans  un  environnement 
comparable  A calui  rencontre  sur  motaurs*  Son  equipamant  en  instrumentation  doit,  da  plus,  Stre 
suffisammant  complat  pour  autorisar  das  mesuras  aussi  detainees  qua  calles  affactuees  sur  bancs 
d'assais  partiels* 

MINOS  a ete  defini  afin  da  repondra  A ces  objactifs*  Sa  place  comma  moyan  d'assais  dans  un  pro- 
gramme d'etudas  sur  les  turbines  haute  temperature  ast  rappalAe  dans  la  tableau  X * La  position 
charniAra  qu'il  occupa  par  rapport  A I'axperimantation  sur  motaurs,  aux  assais  sur  bancs  partiels 
at  aux  etudes  sur  montages  eiemantairas  dastinAs  aux  racharchas  A caractAre  fondamantal  y apparatt 
nattamant*  Las  rAsultats  acquis  sur  MINOS  doivant  permettre  an  particuliar  d'oriantar  las  essais 
sur  bancs  partiels  at  reciproquamant , traduisant  ainsi  la  parfaita  compiemantarite  de  ces  deux 
types  d' installations* 
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TABLEAU  I 

Place  du  MINOS  comme  moyen  d^essaia  dans  un  programme  d^etudes  aur  les  turbines  haute  temp^ratur 


Experimentation 
8ur  moteurs 


Essais  sur 
bancs  partiels 


Etudes  sur 

montages 

elementaires 


Synthese  des 
recherches 
f ondamentales 


Montage 

probatoire 

MINOS 


AVANTAGES 


Conditions  d'essais  moteur 


Etudes  de  performances  globales 
d*  elements  separes 
Simplicite  relative  des  monta- 
ges d*essais 

Etudes  parametriques  relative- 
ment  aisees  et  rapides 
Conditions  d'essais  variees 
CoOt  relativement  modere 
Conclusions directement  utili- 
sables  pour  la  mise  au  point 
d'un  moteur 


Analyse  detaillee  de  phenomenes 
elementaires 

Finesse  et  precision  des  mesures 
ef fectuees 

Liaison  etroite  theorie  - expe- 
rience 

Recherche  fondamentale  : objec- 
tifs  a court,  moyen  et  long 
terme 


Developpement  de  methodes  de 
calcul  d'une  turbomachine 


Validation  des  methodes  de  cal- 
cul de  performances  et  de  dimen- 
sionnement  de  turbines  haute 
temperature  en  presence  d'un 
environnement  moteur 
Montage  intermediaire  entre  les 
bancs  d'essais  partiels  et  les 
bancs  d'essais  moteurs  (possi- 
bilite  de  mesures  detaillees, 
souplesse  du  contrdle  des  para- 
metres  de  fonctionnement) 
Liaisons  etroites  avec  les  es- 
sais moteurs,  les  essais  sur 
bancs  partiels  et  les  recher- 
ches f ondamentales 


INCONVENIENTS 


Complexite  et  manque  de 
souplesse  des  essais 
Interferences  entre  parametre 
Difficultes  de  mesures  detail 
Difficultes  de  transposition 
des  resultats  a un  autre  type 
de  moteur 
Coflt  eleve 


Reproduction  plus  ou  moins 
fidele  des  conditions  d'essai 
moteurs 

Resultats  souvent  trop  globau 
pour  permettre  une  analyse 
detaillee  des  phenomenes  ele- 
mentaires 


Conditions  d'essais  parfois 
eloignees  de  celles  rencontre 
sur  moteurs 


Difficultes  pour  tenir  compte 
dans  les  hypotheses  de  calcul 
de  la  complexite  des  phenomen 
reels  dans  les  moteurs 
Difficultes  de  validation  des 
methodes  de  calcul  dans  les 
conditions  d'essais  moteurs 


Contraintes  technologiques  da 
la  conception  du  banc  d'essai 
imposees  par  les  mesures  a 
ef fectuer 

Difficultes  d'equipement  du  b 
en  instrumentation  de  mesures 


3 - OBJECT I FS 


L'objectif  general  du  MINOS,  qui  est  1 'etude  de  tous  lea  parametres  influant  sur  les  perfo 
mances  et  la  tenue  d'aubes  de  turbine  refroidies,  sera  attaint  par  la  realisation  des  etapes 
suivantes  : 

- verification  du  bon  fonctionnement  aerodynamique 

- caracteri sat  ion  de  1 * environnement  : mesure  du  niveau  de  turbulence,  des  fluctuations  de  temp 
rature,  analyse  des  sillages 

- etude  des  coefficients  d'echange 

- etude  de  I'efficacite  des  films  de  protection 

- essais  de  fatigue  thermique 

- essais  d'aubes  capables  de  hautes  temperatures 

- etude  de  technologies  particul ieres , plates- formes,  anneaux,  ahradahles. • • • 

La  verification  du  bon  fonctionnement  aerodynamique  est  un  point  important,  les  resultats 
thermiques  ne  pouvant  etre  correctement  i nter->r '■  l Ss  sans  urr  bonne  connaissance  des  repartitions 
de  Vitesse  autour  des  profils* 

Ls  caracterisation  de  1 ' environnement  permettra  d'evaluer  les  differences  entre  moteur  et 
banc  statique,  elle  sera  faite  dans  les  differents  plans  de  la  turbine* 

L'etude  des  coefficients  d'echange  et  de  I'efficacite  des  films  sera  faite  avec  les  m^mes 
methodes  de  mesure  et  les  m^mes  aubes  eur  banc  statique  et  sur  MINOS*  On  essaiera  d'abord  des 
aubes  avec  des  films  simples  au  bord  d'attaque,  a I'extrados  ou  a I'intrados,  puis  des  combi- 
naisons  de  ces  films*  On  determiners  non  seulement  I'efficacite  thermique,  mais  aussi  la  varia- 
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HEAT  TRANSFER  CHARACTERISTICS  OF  THE  CLOSED  THERMOSYPHON  SYSTEM 

Prof.  R.W.  Stuart  Mitchell  & drs.  J.  Andries 
Laboratorium  voor  Verbrandingsmotoren  en  Gasturbines 
Technische  Hogeschool  Delft,  Mekelweg  2,  Delft,  The  Netherlands. 


SUMMARY 

The  work  reported  herein  forms  part  of  a research  programme  aimed  at  the 
development  of  a closed  thermosyphon  system  of  gas  turbine  blade  cooling,  using 
liquid  metals  and  a secondary  cooling  circuit  in  a blade  root.  Experimentally 
determined  heat  transfer  characteristics  are  presented  for  a 10.6  mm  diameter 
cylindrical  closed  thermosyphon  with  a length  diameter  ratio  11.6  : 1 and  a 
heated-to  cooled-length  ratio  of  1 : 1 using  water  and  mercury  under  a uniform 
heat  flux,  hot  wall  boundary  condition.  Results  have  been  obtained  with  the 
thermosyphon  stationary  and  variously  angled  to  the  vertical  between  0°  and  45° 
and  mounted  in  a rotating  arm  apparatus  at  rotational  speeds  between  500  r.p.m. 
and  1000  r.p.m.  The  results  from  the  stationary  vertical  thermosyphon  agree 
with  existing  data  for  water  and  mercury.  The  results  from  the  rotating  experiments 
have  been  correlated  using  a Grashof  Number  based  on  the  gravitational  acceleration, 
whilst  the  centrifugal  acceleration  is  included  in  a third  dimensionless  parameter. 
Comparison  of  the  results  from  the  stationary  and  rotating  experiments  shows  that 
angling  the  stationary  thermosyphon  to  the  vertical  does  not  simulate  the  heat 
transfer  in  the  rotating  thermosyphon. 


LIST  OF  SYMBOLS 

a acceleration,  used  in  definition  of  non-dimensional  groups 

Coriolis  Coriolis  acceleration 
Centrifugal  °e°trifugal  acceleration 
Cp  specific  heat  at  constant  pressure  of  fluid 

D inside  diameter 

£ gravitational  acceleration 

g value  of  gravitational  acceleration 

k thermal  conductivity  of  fluid 

1 length,  used  in  definition  of  non-dimensional  groups 

L tube  length  of  open  thermosyphon  or  half  length  of  closed  thermosyphon 

L{.  cooled  length  of  closed  thermosyphon 

Lh  heated  length  of  closed  thermosj^hon 

r distance  to  rotation  axis 

r,^  mean  distance  to  rotation  axis 

R inside  tube  radius 

Tq  mean  temperature  of  cooled  wall 

T^  mean  temperature  of  heated  wall 

Tql  temperature  of  fluid  entering  the  open  thermosyphon 

Tle  uniform  leading  edge  temperature  (see  refs.  7,  8,  9) 

Tj£  uniform  trailing  edge  temperature  (see  refs.  7,  8,  9) 

Ty,x  local  wall  temperature  at  distance  x from  closed  end  in  open  thermosyphon 

^ velocity  of  fluid  element  relative  to  frame  of  reference  fixed  to  thermosyphon 

B coefficient  of  thermal  expansion  of  fluid 

0 angle  of  inclination 

u dynamic  viscosity  of  fluid 

♦ total  heat  flow  in  thermosyphon 

p density  of  fluid 

u angular  velocity 

(1)  value  of  angular  velocity 

A bar  under  a symbol  means  that  the  symbol  represents  a vector.  The  sign  x means  a vectorial  | 

multiplication.  * 

i 


1.  INTRODUCTION 

One  system  of  turbine  blade  cooling  is  that  called  the  free  convection  thermosyphon  arrangement, 
wherein  each  turbine  blade  is  hollow  and  filled  with  liquid.  In  a "closed"  thermosyphon,  the  hollow 
turbine  blade,  filled  or  partly  filled,  with  liquid  or  gas  is  closed  and  sealed  at  each  erd.  The  working 
fluid  in  this  closed  system  is  heated  at  one  end  and  cooled  at  the  other,  as  shown  in  fig.  lA.  In  an 
"open"  thermosyphon,  the  fluid  filled  cavity  is  sealed  at  one  end  and  at  the  other  communicates  with  an 
open  surface  fluid  reservoir.  The  cavity  is  heated  along  the  whole  of  its  length  and  the  heat  is  extracted 
from  the  reservoir,  as  shown  in  fig.  IB. 


2.  BODYFORCES  IN  STATIONARY  AND  ROTATING  THERMOSYPHONS 

Heat  transfer  by  convection  occurs  because  of  motion  in  a fluid.  When  the  motion  in  the  fluid  is 
due  to  temperature  gradients,  with  corresponding  differences  in  fluid  density,  the  convection  is  "free". 

If  the  motion  is  due  to  induced  pressure  differences  e.g.  using  a pump,  then  the  greater  part  of  the  heat 
transfer  is  by  "forced"  convection.  In  a stationary  thermosyphon  test  rig  the  bodyforces  result  from  the 
uniform  gravitational  acceleration  j.  In  a rotating  thermosyphon,  in  addition  to  the  gravitational 
acceleration  there  are  the  centrifugal  acceleration  and  the  Coriolis  acceleration  (see  fig.  2).  In  this 
case  the  accelerations  are: 

Centrifugal  = ’ii 
Coriolis  = a- 

The  body force  which  a fluid  element  experiences  is  due  to  the  resultant  of  these  three  accelerations. 

The  centrifugal  and  Coriolis  accelerations  are  not  uniform.  The  former  acceleration  is  proportional 
to  the  radius  from  the  axis  of  rotation  and  is  in  a direction  approximately  along  the  axis  of  the  thermosyphon. 
The  latter  acceleration  is  proportional  to  the  velocity  of  the  fluid-element  and  in  a direction  perpendicular 
to  it.  For  the  considered  rotational  speeds  the  centrifugal  and  Coriolis  accelerations  will  be  large  compared 
with  the  gravitational  acceleration.  The  last  can  then  be  neglected. 


3.  SIMULATION  OF  ROTATION  BY  INCLINATION  OF  THE  THERMOSYPHON 

Several  research  workers  have  claimed  that  the  heat  transfer  in  a rotating  thermosyphon  can  be  ( 
simulated  qualitatively  in  a stationary  thermosyphon  by  inclining  the  latter  to  the  vertical,  see  fig.  3.  i 
This  was  first  put  forward  by  Eckert  and  Jackson  (1)  and  Alcock  (2).  The  component  of  the  gravitational  j 
acceleration,  perpendicular  to  the  axis  of  the  thermosyphon  then  simulates  the  Coriolis  acceleration.  I 
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Between  the  rotating  and  the  stationary  inclined  thermosyphons , there  exist  the  following  differences: 

a)  The  direction  of  the  Coriolis  acceleration  is  dependent  on  the  direction  of  motion  of  the 
fluid-element.  Thus  fluid  streams  in  opposite  directions  are  subject  to  corresponding 
opposite  direction  Coriolis  accelerations,  see  fig.  4.  In  a stationary  inclined 
installation,  each  fluid  element  experiences  a uniform  acceleration,  the  direction  of 
which  is  independent  of  the  direction  of  motion. 

b)  The  magnitude  of  the  Coriolis  acceleration  is  dependent  on  the  velocity  of  the  fluid-element. 
In  the  stationary  inclined  installation,  the  component  of  the  gravitational  acceleration, 
perpendicular  to  the  axis  of  the  thermosyphon  is  everywhere  constant. 

c)  The  centrifugal  acceleration  is  dependent  on  the  radial  distance  from  the  axis  of  rotation. 

In  the  stationary  inclined  installation,  the  component  of  gravitational  acceleration, 
parallel  to  the  axis  of  the  thermosyphon  is  everywhere  constant. 


4.  LITERATURE  REVIEW 

There  have  been  several  investigations  on  the  subject  of  the  heat  transfer  characteristics  of  the 
stationary  thermosyphon  inclined  to  the  vertical.  On  the  other  hand,  the  number  of  investigations  on 
the  rotating  thermosyphon,  details  of  which  have  been  published,  is  very  limited. 

Outstanding  reviews  of  the  published  literature  have  been  given  by  Bayley  and  Martin  (3)  and 
Japikse  (4).  In  the  following  sections,  the  published  literature  is  very  briefly  reviewed. 


4.1  THE  OPEN  THERMOSYPHON 

Hartnett,  Welsh  and  Larsen  (5)  have  published  the  results  of  an  investigation  on  an  inclined  open 
thermosyphon  with  L/D  = 10.5,  water  and  mercury  as  the  fluid  and  a uniform  heat  flux  through  the  wall. 

They  presented  their  results  in  the  form: 

Nup  = 

where  Nuj^  and  Ra'p  were  based  on  AT  = T^^^  - Tj.^. 

The  fluid  properties  were  evaluated  at  the  local  wall  temperature  Tj^x-  mercury  they  found  that  for 
a given  value  of  Ra'R.NuR  Nur  increased  by  about  100%  when  the  thermosyphon  was  inclined  at  30%  to  the 
vertical.  Larsen  and  Hartnett  (6)  using  the  same  apparatus  and  a similar  shorter  one  with  L/D  = 7.3 
presented  their  results  in  the  form: 

Rap  = f(Ra'p  , NUp) 

where  Nur  and  Ra'p  were  based  on  AT  = T„^  - T(;|_. 

They  evaluated  the  fluid  properties  at  Tql.  For  The  short  thermosyphon  they  found  that  Ra'p  at  a given 
Ra'pNup  value  decreased  with  increasing  inclination  for  both  water  and  mercury. 

For  water  the  decrease  was  about  30%  when  the  thermosyphon  was  tilted  5°.  On  further  tilting,  Ra'p 
continued  to  decrease  but  less  rapidly.  For  mercury,  Ra'p  decreased  approximately  linearly  with  tube 
inclinations  between  0°  and  45°.  They  found  for  the  larger  thermosyphon  that  Ra'p  for  a given  Ra'pNup 
decreased  about  50%  for  tube  inclinations  up  to  30°. 

Martin  and  Cresswell  (7),  Martin  (8)  and  Cresswell  (9)  made  some  measurements  on  an  inclined  open 
thermosyphon  with  L/D  = 7.5  and  a uniform  wall  temperature.  As  thermosyphon  fluids  the  following  were 
investigated:  glycerine,  rape-seed  oil,  ethylene  glycol  and  water.  At  each  angle  of  inclination  two 
measurements  were  made,  one  whereby  a uniform  temperature  (Tl£)  was  maintained  along  the  leading  edge 
of  the  thermosyphon  and  the  other,  similarly  for  the  trailing  edge  (Tjf).  They  presented  their  results 
in  the  form: 

Nur  = f(Ra'p) 

where  Nur  and  Ra'p  were  both  based  on  AT  = T|_r  - T(;l  and  AT  = Tj^  - T^l  respectively  and  the  fluid 
properties  were  similarly  evaluated  at  Tlr  and  Tjf. 

For  glycerine  and  rape-seed  oil  they  found  that  Nur  for  a given  Ra'p  and  increasing  angle  at  first  decreased 
until  at  an  angle  of  6°  to  the  vertical  it  started  to  increase  again.  At  an  angle  of  45°  to  the  vertical 
the  value  of  Nur  exceeded  the  value  measured  in  the  yectical  case.  At  51.5°  the  increase  in  Nur  was  56% 
for  glycerine  and  58%  for  rape-seed  oil  at  Ra'p  = In  the  case  of  water  Nur  increased  sharply  to 

begin  with  but  then  levelled  off  to  an  approximately  constant  value  at  0 = 22°.  Compared  with  the  vertical 
case,  Nur  increased  by  about  one  third  at  the  leading  edge  and  by  about  two  thirds  at  the  trailing  edge 
for  Ra'p  = On  the  basis  of  a calculation  of  the  ratio  of  the  Coriolis  acceleration  to  the 

centrifugal  acceleration  in  a turbine  blade,  it  was  concluded,  that  an  angle  of  inclination  somewhere 
between  0°and  11°,  simulated  the  Coriolis  effect,  which  was  induced  in  actual  practice. 

Leslie  (10),  in  an  analytical  solution  of  the  heat  transfer  in  an  inclined  open  thermosyphon, 
for  laminar  flow,  at  small  angles  of  inclination  0,  showed  that  the  rate  of  heat  transfer  increased  with 
increasing  values  of  0. 


►*->»  j»  'fff  > ••V* 
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There  have  been  a number  of  not  very  successful  experimental  blade  cooling  systems,  incorporating 
an  open  thermosyphon  with  water.  (Schmidt  (11),  Friedrich  (12),  Freche  and  Diaguila  (13)  and  Ivanov  (14)). 


4.2  THE  CLOSED  THERMOSYPHON 


Japikse,  Jallouk  and  Winter(15),  Jallouk  (16)  and  Japikse  (17)  have  published  the  results  of  an 
investigation  on  the  heat  transfer  in  an  inclined  closed  thermosyphon,  with  L/D  « 4,  water  as  the 
operating  fluid  and  a uniform  wall  temperature.  The  angle  with  the  vertical  was  varied,  whilst  the  heat 
input  was  held  constant.  Nuq,  at  first  increased  rather  quickly,  with  increasing  values  of  the  angle  of 
inclination  0 but  later  levelled  off  (see  fig.  10(b)). 

Brown  (18)  and  Colclough  (19)  have  investigated  the  heat  transfer  conditions  in  a rotating  closed 
thermosyphon,  filled  with  a liquid  metal.  This  research  was  carried  out  in  connection  with  the  PAMETRADA 
cooled  gas  turbine  project.  This  latter  is  the  only  known  project,  involving  the  building  of  a turbine, 
the  blades  of  which  were  cooled  by  means  of  a closed  thermosyphon.  Brown  (18),  found 

Nu  OC  (Gr".Pr^)^/^^ 


No  definitions  were  given  for  Nu,  Gr"  and  Pr. 

Colclough  (19)  concluded  that  for  a rotating  closed  thermosyphon  of  variable  cross  sectional  area 


NUq 


1.70+5.35 


where  L-j-  = L^^  + Lj.  + length  of  the  midsection  spacer  in  inches. 

0 = diameter  in  inches. 

No  definitions  were  given  for  NUp,  Gr"  and  Pr. 

Ogale  (20)  investigated  a rotating  closed  thermosyphon  in  which  the  cooled  section  had  a larger 
cross-sectional  area  than  the  heated  section.  The  working  fluid  was  a eutectic  mixture  of  sodium  and 
potassium.  For  a thermosyphon  with  the  heated  section  of  circular  cross-section,  Ogale  quoted: 

P 0.13 

Nup  = 0.325(Gr"j,p/) 


where  0 was  diameter  of  heated  section,  whilst,  when  the  heated  section  was  in  the  form  of  an  aerofoil 
blade  cross-section,  the  corresponding  relationship  was: 

, 0.09 

Nup  = 0.6038(Gr"p.P/) 

where  0 was  hydraulic  diameter  of  heated  section.  In  both  formulae  Grp  was  based  on  AT  = T^  - Tj;.  The 
fluid  properties  were  evaluated  at  (Tj^  + T(;)/2. 

Le  GrivSs  and  Genot  (21)  investigated  a rotating  closed  thermosyphon,  with  a rectangular  cross- 
section,  filled  with  sodium  potassium  and  rotating  up  to  6,500  r.p.m.  The  rate  of  heat  transfer  increased 
with  increasing  rotational  speed  up  to  3,500  r.p.m.  Above  this  speed,  the  rate  of  increase  was  very  much 
reduced.  They  evaluated: 

2 0.2 

Nup  OC  (Gr"pPr‘=) 

where  Grp  was  based  on  AT  = T^  - Tq.  The  fluid  properties  were  evaluated  at  (Tj^  + T(;)/2. 

Uskov  and  Tseitlin  (22)  have  given  the  results  of  measurements  made  on  a sodium  filled  rotating 
closed  thermosyphon  at  rotating  speeds  up  to  710  r.p.m.  and  3 < k < 20.  They  found: 


The  fluid  properties  were  evaluated  at  the  fluid  temperature  on  the  axis  of  the  thermosyphon. 

Zysina-Molodjen,  Jablonic,  Poljak,  Uskov  and  Tkachenko  (23)  have  given  results  for  a rotating  closed 
thermosyphon  filled  with  air  and  water.  For  4.3  < ^ < 30  they  quoted: 

0 25 

Nu  OC  (Gr”.Pr)  for  the  laminar  flow  regime  and 

Nu  CC  (Gr".Pr)*^‘®®  for  the  turbulent  flow  regime. 

No  further  definitionsof  Nu,  Gr"  and  Pr  were  given. 

Tkachenko  (24)  reported  an  investigation  on  a rotating  closed  thermosyphon,  but  gave  no  heat 
transfer  results. 
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4.3  SUMMARY 

The  results  of  the  experiments  on  rotating  thermosyphons  are  in  all  cases,  except  by  Uskov  and 
Tseitlin  (22),  expressed  in  terms  of  the  Grashof  number,  in  which  the  centrifugal  acceleration  is  used 
in  place  of  the  acceleration  due  to  gravity.  For  stationary  inclined  thermosyphons,  the  component  of 
the  gravitational  acceleration,  along  the  axis  of  the  thermosyphon  is  incorporated  in  the  Grashof  number. 

From  the  foregoing  it  can  be  stated  that  for  the  rotating  thermosyphon  increase  in  the  rotational 
speed  does  increase  the  rate  of  heat  transfer  as  does  increase  of  inclination  to  the  vertical  for  the 
stationary  thermosyphon 

In  what  follows  in  this  paper,  describing  the  authors'  own  research,  it  is  discussed,  in 
how  far  the  heat  transfer  characteristics  of  the  rotating  thermosyphon  can  be  simulated  quantitatively 
by  inclining  a stationary  unit. 


5.  AN  EXPERIMENTAL  TEST-RIG 

Figs.  5,  6 and  7 show  the  test-rig,  originally  built  by  Ogale  (20)  and  after  some  mcdifications 
used  for  the  present  experimental  investigation  on  the  cylindrical  closed  thermosyphon.  The  thermosyphon 
used,  comprises  a stainless  steel  cylinder,  closed  at  both  ends,  124  nm  long  inside  x 16  mr  outside 
diameter  and  10.65  mm  inside  diameter.  One  half  of  the  thermosyphon  is  heated  electrically  by  means  of 
a 1.8  mm  diameter  electric  resistance  rod  winding  in  an  external  spiral  groove  on  the  cylinder.  The  other 
half  of  the  thermosyphon  is  cooled  by  water,  pumped  at  constant  temperature  and  mass  flow,  through  a cooling 
water  jacket.  The  thermosyphon  wall  temperatures  are  measured  by  means  of  33  chromel-alumel  thermocouples, 
which  are  fitted  into  the  cylindrical  wall  at  0.5  mm  below  the  surface.  The  thermocouples  are  mounted  in 
groups  of  4,  in  8 rectangular  cross-sections  of  the  cylinder;  one  thermocouple  is  fitted  ir  the  base  of 
the  cylinder.  The  thermosyphon  is  mounted  in  a rotating  arm,  which  is  driven  by  an  electric  motor,  the 
speed  of  which  is  variable.  The  heated  part  of  the  thermosyphon  is  surrounded  by  glass-wool,  for  insulation, 
to  limit  as  much  as  possible  any  radial  heat  loss.  The  electrical  input  is  supplied  and  measured,  under 
rotation,  using  two  copper  slip  rings.  The  thermocouple  outputs,  under  rotation,  are  recorded,  on  punched 
tapes,  via  silver  slip  rings  and  a data  acquisition  system. 


6.  AN  EXPERIMENTAL  PROGRAMME 

6.1  DETERMINATION  OF  THE  HEAT  FLOW 

A part  of  the  heat  input  does  not  pass  through  the  working  fluid  of  the  thermosyphon  but  rather, 
directly  through  the  wall  of  the  thermosyphon,  in  the  axial  direction,  to  be  given  up  to  tie  cooling  water 
and  the  surroundings.  In  order  to  estimate  this  loss,  the  thermosyphon  was  filled  with  glass-wool,  so 
that  all  the  supplied  heat  input  had  to  pass  through  the  wall.  The  temperature  difference,  between  the 
two  sections,  on  either  side  of  the  change  over  from  hot  to  cold,  was  measured  as  a function  of  the  electrical 
input.  On  the  assumption,  that  the  same  relationship  existed.when  the  thermosyphon  was  filled  with  fluid, 
the  nett  heat  flow,  through  the  primary  working  fluid  could  be  determined. 


6.2  MEASUREMENT  OF  THE  WALL  TEMPERATURES 

For  a given  angle  of  inclination  for  a stationary  unit,  or  a given  rotational  speed  of  the  test-rig, 
respectively,  the  electrical  input  was  established.  After  the  mean  temperature  had  become  stabilised,  all 
temperatures  were  taken,  successively,  with  an  interval  of  one  second  between  each  reading.  This  was 
repeated  ten  times  and  a mean  temperature,  for  each  thermocouple  was  determined.  These  mean  temperatures, 
in  conjunction  with  the  radial  heat  flow  through  the  thermosyphon  wall,  enabled  the  temperature  conditions 
of  the  inside  wall  to  be  estimated. 


6.3  DIMENSIONLESS  REPRESENTATION  OF  THE  EXPERIMENTAL  RESULTS 

To  enable  the  results  of  various  investigations  to  be  compared  with  one  another,  the  experimental 
data  must  be  expresse<'  in  the  form  of  relationships  between  dimensionless  numbers,  viz.: 

The  Nusselt  number  Nup 
The  Prandtl  number  Pr 

A dimensionless  temperature  number  tp  and  a number  given  by 
the  formula  Gr^Pr’ 

For  the  inclined  and  the  rotating  closed  thermosyphons,  in  addition  to  the  variables  incorporated  in  the 
above  dimensionless  numbers,  the  angle  of  inclination  to  the  vertical,  0 and  the  rotational  speed  u, 
respectively,  influence  the  heat  transfer.  The  experimental  results  can  be  expressed  most  clearly  by  means 
of  the  additional  dimensionless  numbers,  viz.  - tan  0 and  j = ‘^^rm  respectively.  The  fluid  properties 

were  evaluated  at  ItLLl£  .They  were  calculated  using  polynomial^  approximations  from  references  (25) 
and  (26).  2 
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For  the  stationary  thermosyphon  with  water  as  the  working  fluid,  the  experimental  results  are 
expressed  as: 

NUp  = f(tjj,tan  0) 

and  with  mercury  as  fluid: 

Nup  = f(GrpPr^,  tan  0) 

For  the  rotating  thermosyphon  the  corresponding  expressions  are: 

2 

NUp  = f{tp,j)  and  NUp  = f(GrpPr  ,j),  respectively. 


7.  RESULTS 

7.1  WATER,  AS  THE  WORKING  FLUID 

Fig.  8 is  a plot  of  the  results  of  the  authors'  experiments  for  the  vertical  stationary  closed 
thermosyphon,  filled  with  water,  together  with  comparable  results  taken  from  the  published  literature. 
Although  the  fluid  properties  have  been  calculated  at  different  temperatures  and  the  wall  conditions 
differ,  (see  fig.  8),  there  is  reasonable  agreement  between  the  various  results.  For  low  values  of  to 
a laminar  impeded  flow  regime  operates,  which  at  logio^D  = 5-6  changes  into  laminar  boundary  flow. 

In  the  region  of  laminar  impeded  flow,  there  is  a linear  relationship  between  Nup  and  logjotQ.  The 
change-over  to  laminar  boundary  flow  is  rather  abrupt  as  is  evident  from  a change  of  slope  in  the 
Nuo  V.  logjQto  curve  (see  fig.  9)  and  a sudden  increase  in  T(;,  following  increasing  electrical  input 
to  the  thermosyphon.  Fig.  9 shows  the  corresponding  heat  transfer  curves  for  the  stationery  closed 
thermosyphon,  inclined  at  an  angle  to  the  vertical,  ov^r  a range  of  angles  of  inclination.  It  can  be 
seen,  that  the  curves  of  the  inclined  and  of  the  vertical  thermosyphons  are  of  basically  the  same  shape, 
thus  providing  qualitative  agreement  between  the  two  systems.  Fig.  10(a)  based  on  the  data  of  fig.  9 
shows,  for  the  inclined  closed  thermosyphon  with  water,  the  Nusselt  number  Nup  plotted  against  tan  0 
with  tn  constant.  There  is  good  qualitative  agreement  with  similar  curves,  previously  obtained  by 
Jallouk  (16)  as  indicated  in  fig.  10(b).  Nuq  increases  quite  rapidly  up  to  an^angle  of  irclination  of 
about  25°.  Thereafter,  the  rate  of  increase  of  Nuq  progressively  falls  off. 

Fig.  8 shows  also  the  results  of  an  experimental  investigation,  on  the  rotating  closed  thermosyphon, 
filled  with  water.  Nuq  is  increased  very  considerably,  with  respect  to  the  stationary  case.  There  is  no 
unique  relationship  between  Nuq  and  tQ,  which  is  valid  over  the  considered  range  of  rotational  speeds. 

Also  shown  in  fig.  8 are  the  same  rotating  thermosyphon  results,  plotted  as  logioNi^j  v.  logjotp".  Again 
there  is  no  unique  relationship  apparent  between  Nuq  and  tQ".  Fig.  10(c),  for  the  rotating  closed 
thermosyphon,  with  water,  is  based  on  fig.  8 and  shows  the  Nusselt  number  Nuq  plotted  versus  j with  tQ 
held  constant. 


7.2  MERCURY,  AS  THE  WORKING  FLUID 

Fig.  11  is  concerned  with  the  heat  transfer,  in  the  stationary  vertical,  the  stationary  inclined 
and  the  rotating,  closed  thermosyphons  when  filled  with  either  mercury  or  sodium-potassium  eutectic. 

The  results  are  analysed  in  the  form  of  logjQNuQ  plotted  versus  logiQGrQPr^.  The  authors'  investigations 
with  mercury,  for  the  vertical  installation  are  compared  with  similar  results  published  by  Pucci  and 
Gerretsen  (25)  and  it  can  be  seen,  that  there  is  good  agreement,  between  the  two  sets  of  data.  The  same 
figure  also  shows  Nuq  for  the  stationary  inclined  closed  thermosyphon,  over  a range  of  angles  of  inclination. 

Based  on  the  data  from  fig.  11,  the  Nusselt  number  Nuq  is  plotted  in  fig.  12(a)  as  a function  of  tan  0,  v 

with  GrQPr2  held  constant.  Nun  increases  with  increasing  angle  of  inclination  0,  the  rate  of  increase 
which  is  small  between  0°  and  “o  (even  negative  for  logioGrQPr^  = 3.30)  increases  at  larger  angles. 

There  is  no  levelling  off  at  larger  angles. 

The  experimental  results,  of  the  rotating  closed  thermosyphon,  with  mercury  are  also  shown  in  fig.  11. 

There  is  no  unique  relationship,  between  the  Nusselt  number  Nuq  and  the  dimensionless  parameter  GrQPr2 
which  is  valid  over  the  range  of  rotating  speeds  investigated.  Also  shown  in  fig.  11  are  the  same  rotating 
thtPmosyphon  results  plotted  as  logioGr"Q.Pr2.  It  can  be  seen,  that  at  high  values  of  Gr"QPr2,  the  Nusselt 
number  Nuq  decreases  with  increasing  rotational  speed.  This  is  in  contradiction  with  the  situation  for 
the  inclined  thermosyphon,  where  for  increasing  angle  of  inclination  Nuq  increases.  In  fig.  12(b),  for 
the  rotating  closed  thermosyphon,  with  mercury,  the  Nusselt  number,  Nuq  is  plotted  as  a function  of  j 
with  GrpPr^  held  constant. 


8.  CONCLUSIONS 

Our  experimental  results,  for  the  stationary  vertical  closed  thermosyphon  are  in  good 
agreement  with  those  previously  published  in  the  literature.  The  laminar  impeded  flow  regime  noted  by 
us  for  water  conforms  with  that  reported  by  Bayley  and  Lock  (28)  for  glycerine. 

The  influence,  on  Nuq,  of  inclining  the  stationary  thermosyphon  to  the  vertical,  is  not  such  as  to 
simulate  the  effect  of  rotation,  for  the  range  of  rotational  speeds  investigated.  For  the  rotating  closed 
thermosyphon  Nuq  is  dependent  on  both  the  Grashof  number  based  on  acceleration  due  to  gravity  and  the 
dimensionless  centrifugal  acceleration.  A Grashof  number,  based  on  centrifugal  acceleration  is  not,  by 
Itself,  satisfactory  for  the  prediction  of  the  heat  transfer  characteristics  of  the  thermosyphon.  This 
latter,  for  the  higher  rotational  speeds,  requires  the  establishment  of  a relationship  between  the  Nusselt 
number  and  the  dimensionless  centrifugal  acceleration. 
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FIG.  2 FORCES  IN  A ROTATING  SYSTEM  FIG.  3 FORCES  IN  A STATIONARY  INCLINED  SYSTEM 


FIG.  4 CORIOLIS  FORCES  ON  FLUID  ELEMENTS  MOVING  IN  OPPOSITE  DIRECTIONS 
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(A)  INCLINED,  THIS  STUDY 


(B)  INCLINED,  JALLOUK  (26) 


(C)  ROTATING,  THIS  STUDY 


FIG.  10  HEAT  TRANSFER  IN  INCLINED  AND  ROTATING  THERMOSYPHONS  FOR  WATER 
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DISCUSSION 


E.  Le  Grives,  France 

Lors  de  la  precedente  reunion  AGARD  sur  les  turbines  a haute  temperature  (Florence,  1970),  une  communication 
sur  le  refroidessement  par  cycle  a metal  liquide  (Na-K),  par  cycle  de  thermosiphon  ou  par  cycle  evaporatif  a ete 
presentee  par  E.  Le  Grives  et  J.Genot. 

Les  resultats  exposes  avaient  ete  obtenus  sur  un  montage  a grande  vitesse  de  rotation  (jusc]u’a  8000  tpm)  realise  par  la 
SNECMA  et  avec  des  flux  thermiques  comparables  a ceux  qui  sont  realises  sur  turbine  reelle.  Je  suis  surpris  que  vous 
n’en  ayiez  pas  fait  mention  dans  votre  presentation,  vos  resultats  se  situant  dans  un  domaine  d’acceleration  centri- 
fuge et  de  valeur  du  parametre  Gr  Pr^  tres  inferieur  a celui  d’une  turbine  a gaz  industrielle  ou  aeronautique. 

D’autre  part,  pourriez  vous  fournir  des  precisions  concernant: 

( 1 ) la  distribution  radiale  de  temperature  sur  la  partie  chauffee  de  votre  eprouvette  d’essai; 

(2)  I’abaissement  du  niveau  de  temperature  moyenne  de  cette  partie  par  rapport  a la  temperature  athermane 
(eprouvette  non  refroidie  par  convection  interne)? 

Author’s  Reply 

(1)  The  radial  temperature  distribution  in  the  heated  section  was  quite  flat  in  the  stationary  vertical  thermosyphon. 
In  the  angled  case  the  thermocouples  along  the  ‘leading  edge’  became  relatively  colder. 

A typical  value  for  the  mercury-fdled  thermosyphon  at  an  angle  of  30°  to  the  vertical  was  about  10%  lower 
than  the  temperature  along  the  ‘trailing  edge’. 

For  water  the  effect  was  somewhat  smaller. 

In  the  rotating  case  we  saw  the  same  effect  and  also  that  the  relative  temperature  levels  in  the  cooled  section 
become  much  higher. 

(2)  We  didn’t  make  a comparison  between  the  temperature  levels  in  a massive  uncooled  cylinder  and  a hollow 
cooled  cylinder. 


W.D.Morris,  UK 

The  use  of  an  acceleration  ratio  to  account  for  the  fact  that  rotation  cannot  be  uniquely  correlated  in  terms  of  a 
buoyancy  effect  implies  that  this  is  an  additional  centrifugal  effect.  It  is  more  physically  likely  that  this  is  a Coriolis 
effect.  Thus  it  might  be  better  for  present  data  and  those  of  other  workers  to  be  compared  using  a non-dimensionless 
group  which  reflects  this  Coriolis  interaction.  This  group  could  typically  have  the  mathematical  structure  of  a con- 
ventional Reynolds  number  but  which  uses  a measure  of  peripheral  speed  as  the  characteristic  velocity  required. 

Author’s  Reply 

I agree  with  you  that  it  is  more  logical  to  use  a non-dimensional  group  which  reflects  the  Coriolis  acceleration.  The 
use  of  j was  only  a provisional  way  to  include  the  rotational  speed  in  the  correlations  and  to  make  a comparison 
with  published  rules  possible. 


D.K.Hennecke,  Germany 

I would  like  to  make  a general  comment.  Aero  engines  will  continue  to  use  air  cooling  of  the  turbine  blades  for 
some  time  to  come.  However,  cooling  engineers  should  be  people  of  vision  and  also  look  at  new,  even  exotic  cooling 
methods.  Therefore,  we  have  included  your  paper  in  the  program.  And  I am  glad  we  did  because  you  have  shown 
the  very  high  Nusselt  numbers  which  you  can  achieve  with  your  thermosyphon.  In  an  engine  they  would  be  even 
higher  owing  to  the  larger  rotational  speed. 

Yet  one  should  not  forget  the  problems  one  will  encounter  when  this  system  is  to  be  applied  in  an  engine.  There, 
the  hot  end  of  the  thermosyphon  would  be  in  the  turbine  blade  while  the  cold  end  would  be  located  within  the 
blade  root  or  the  disc.  Therefore,  one  would  be  faced  with  the  task  of  removing  the  large  amount  of  heat  flowing 
into  the  blade  at  the  blade  root  or  the  disc.  So  it  appears  that  one  has  shifted  the  problem  from  one  location  to 
another  without  solving  it. 

Thus,  the  applicability  of  a system  like  yours  will  depend  on  the  fact  if  one  is  able  to  remove  the  heat  at  the  new 
location  easier  than  it  was  to  air-cool  the  blade.  And  this  will  be  a challenging  task  because,  in  order  to  remove  the 
heat  at  the  blade  root  or  disc,  one  would  have  to  achieve  large  heat  transfer  coefficients  that  are  comparable  to 
the  extremely  high  values  at  the  blade,  or  to  provide  large  surface  areas  for  the  heat  transfer  or  have  a very  low 
coolant  temperature.  All  of  this  is  not  readily  done  in  an  engine. 

Author’s  Reply 

I agree  with  your  comment.  Providing  a solution  to  the  problem  of  removing  the  heat  from  the  blade  root  will  be 
a formidable  task.  The  study  on  which  this  paper  was  based  only  considered  the  heat  transfer  in  the  closed  thermo- 
syphon itself  without  considering  the  problems  you  mentioned. 
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SUMMARY 


Mean  and  local  Nusselt  numbers  have  been  determined  for  three  different  rotating 
disc  configurations.  Heat  transfer  measurements  are  presented  for: 

(1)  a single  disc  rotating  close  to  a stator  with  a radial  outflow  of  coolant, 
representing  the  flow  between  an  air-cooled  turbine  disc  and  a casing; 

(2)  a rotating  cavity  wltl  a central  axial  throughflow  of  coolant,  representing 
the  flow  between  corotating  compressor  discs; 

(3)  a rotating  cavity  with  a radial  outflow  of  coolant,  representing  the  flow 
between  corotating  air-cooled  turbine  discs. 

Results  are  presented  for  a range  of  axial  gaps,  coolant  flow  rates  and  rotational 
speeds,  and  the  similarities  and  differences  between  the  three  cases  ^re  discussed.  In 
particular.  It  Is  shown  that  vortex  breakdown,  which  can  occur  In  case  (2),  dramatically 
alters  the  flow  and  heat  transfer. 
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o pertaining  to  the  rotating  disc 


1.  INTRODUCTION 

A plane  rotating  disc  can  be  used  to  examine  the  fluid  dynamics  and  heat  transfer  that 
occurs  in  more  complex  turbine  and  compressor  disc  geometries.  A single  disc  rotating 
near  a stator,  with  or  without  a peripheral  shroud,  as  shown  in  Fig.  1(a),  provides  a 
useful  model  of  an  air-cooled  turbine  disc  rotating  close  to  a stationary  casing.  A 
radial  outflow  of  air  is  used  to  cool  the  turbine  disc  and  to  prevent  the  radially  inward 
leakage  of  hot  gas  over  its  surface. 

A rotating  cylindrical  cavity,  in  which  two  corotating  discs  are  joined  at  their 
periphery,  provides  a simple  model  for  the  examination  of  the  flow  and  heat  transfer 
between  adjacent  turbine  or  compressor  discs.  With  an  axial  throughflow  of  air,  as  shown 
in  Fig.  1(b),  the  model  can  represent  discs  in  a high-pressure  compressor  rotor  through 
the  centra?  of  which  coolant  passes  on  its  way  to  the  turbine  cooling  system.  With  a radial 
outflow  of  air,  as  shown  in  Fig.  1(c),  the  model  can  represent  corotating  air-cooled 
turbine  discs. 

In  the  past,  more  attention  has  been  paid  by  research  workers  to  the  single  rotating 
disc  case  than  to  the  more  complex  problem  of  the  rotating  cavity.  Apart  from  Hennecke  et  al 
Olef.  l)and  Pustolov  & Sparrow  (Ref. 2),  who  obtained  numerical  solutions  of  the  Navler 
Stokes  and  laminar-energy  equation  for  the  respective  cases  of  a heated  cylindrical  cavity 
with  and  without  axial  throughflow.  Sparrow  and  his  co-workers  (Refs  1-7)  have  been 
principally  concerned  with  heat  transfer  from  a single  rotating  disc.  A number  of  ^ 

experiments  were  conducted  on  rigs  with  r^/r^  = 0.11,G  ^ 2 (where  G = s/r^),  Re^  ^ 5 x^lO 
(where  Re^  s 2yr  /v,  w being  the  bulk  average  velocity  in  the  inlet  pipe)  and  Re  ^ 10 
(where  Re^  = The  main  differences  in  these  experiments  were  in  whether  the 

coolant  entered  through  the  centre  of  the  stator  or  the  centre  of  the  rotor,  and  whether 
it  left  between  the  stationary  disc  and  shroud  or  between  the  rotating  disc  and  shroud. 

Like  Sparrow,  Owen  and  his  co-workers  (Refs  8-11)  have  been  principally  concerned  with 

heat  transfer  from  shrouded  and  unshrouded  single  rotating  discs.  Measurements  were  made 

on  a rig  similar  to  the  schematic  drawing  of  figg  1(a)  with  r^/r^  = 0.13,  G s 0.18, 

C s 5 X 10^  (where  C = m/^i^  ) and  Re  s 4 x 10  . More  recently  Owen  and  Bilimoria 

(Ref.  11)  obtained  heat  trans?er  measurements  for  cylindrical  cavities  (similar  to  those 

shown  in  Figs  1(b)  and  1(c)),  with  either  an  axial  through! low-or  a radial  outflow,of 

coolants,  for  a rig  with  r'/r  = 0.10,  G ^ 0.4,  Re  s 1.8  x 10  and  Re  s 2.5  x 10  , 

® T o z <p 

A knowledge  of  the  flow  and  heat  transfer  behaviour  in  the  configuration  shown  in 
Fig.  1 is  a necessary  prerequisite  for  the  calculation  of  temperature,  stress,  expansion 
rate  and  life  of  a gas  turbine  rotor.  In  this  paper,  the  experimental  apparatus  used  to 
measure  the  heat  transfer  rates  will  be  described  and  the  principal  experimental  results 
will  be  discussed. 

2.  EXPERIMENTAL  APPARATUS  AND  MEASUREMENT  TECHNIQUES 

2.1  The  single  rotating  disc  rig 

The  rotating  disc  was  made  from  mild  steel  of  radius  r * 381  mm  and  could  be  rotated 
up  to  4000  rev/mln,  by  an  11  kW  electric  motor,  at  axial  distance,  s,  from  3.8  to  230  mm 
from  the  stator,  which  was  the  same  diameter  as  the  disc.  A coolant  flow  rate  of  up  to 
0.7  kg/s  was  supplied  (at  a temperature  of  approximately  20  C)  from  a centrifugal  blower 
through  a pipe  of  100  mm  diameter  opening  into,  and  coaxial  with,  the  centre  of  the  stator. 
The  stator  was  fitted  with  an  adjustable  cylindrical  shroud  allowing  axial  clearances,  s , 
from  1.3  mm  to  the  full  stator  to  rotor  clearance.  ^ 

The  o«Jter  face  of  the  rotating  disc  was  radiantly  heated  from  a bank  of  electrical 
heater  bars,  which  had  a maximum  output  of  22  kW  (the  maximum  disc  temperature  was 
limited  to  100  C).  The  rotor  and  stator  were  Instrumented  with  embedded  thermocouples 
enabling  their  surface  temperatures  to  be  measured.  Traverse  units,  fitted  with  total- 
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head  and  total -temperature  probes,  were  located  on  the  coolant  Inlet  pipe  and  on  the  stator 
periphery,  thus  allowing  the  coolant  Inlet  and  outlet  velocity  and  temperature  profile  to 
be  measured.  The  slg;nals  from  the  thermocouples  on  the  rotating  disc  (taken  out  through 
slip  ring  assemblies),  and  those  on  the  stator  and  probes,  were  measured  by  means  of  a 
Fenlow  DVM  (with  a resolution  of  lOnV)  and  an  MBM  data  logger. 

Mean  Nusselt  numbers  for  the  rotating  disc  were  calculated  In  two  Independent  ways. 

In  the  'conduction  solution'  method,  Laplace's  equation  was  solved  numerically  using  the 
measured  surface  temperatures  as  boundary  conditions,  and  the  heat  flux  was  computed  from 
the  calculated  temperature  field.  The  'enthalpy  change'  method  was  used  to  calculate  the 
total  heat  flow  through  the  rotating  disc  from  the  difference  between  the  outlet  and 
Inlet  enthalpy  of  the  cooling  air.  The  disc  work  term  was  Included  (from  separate  disc 
windage  torque  measurements),  and  the  heat  loss  through  the  stator  (which  was  maintained 
sensibly  adiabatic  by  guard  heaters)  was  neglected.  The  agreement  between  the  mean 
Nusselt  numbers  determined  from  these  two  methods  was  good,  but  neither  method  was  suitable 
for  the  calculation  of  local  Nusselt  numbers  (owing  to  the  small  temperature  difference 
involved  in  the  'conduction  solution',  and  to  the  fact  that  only  mean  values  were 
determined  from  the  'enthalpy  change').  Ref.  9 Includes  more  details  of  the  apparatus 
and  calculation  procedures,  whilst  Ref.  10  contains  details  of  how  the  local  Nusselt 
numbers  were  calculated  from  the  mean  values. 

2.2  The  rotating  cavity  rig 

A general  view  of  the  rotating  cavity  is  shown  in  Fig.  2.  The  assembly  downstream 
of  the  cavity  Itself  is  the  same  as  that  used  with  the  single  rotating  disc. 

The  cylindrical  cavity  comprised  two  stainless  steel  discs  of  radius  r » 381  mm  and 
a perpheral  shroud  which  was  either  Impermeable,  for  the  axial  through! low^tests,  or 
contained  thirty  equl-spaced  holes  of  28.6  mm  diameter,  for  the  radial  outflow  tests 
(as  shown  In  Fig. 2).  The  axial  gap  between  the  two  discs  was  variable  up  to  a maximum 
of  s ” 203  mm,  and  the  whole  system  could  be  rotated  up  to  2500  rev/min.  Cooling  air 
(at  approximately  20  C)  entered  the  cavity  at  the  centre  of  one  disc  (the  'upstream  disc') 
through  a tube  of  38  mm  radius  at  flow  rates  up  to  0.23  kg/s.  The  air  could  leave  the 
cavity  either  axially  through  a tube  of  38  mm  radius  at  the  centre  of  the  second  disc 
('downstream  disc')  or  through  the  holes  in  the  shroud.  The  two  discs  were  driven  by  a 
drive  shaft,  of  25  mm  diameter,  which  passed  through  the  centre  of  the  cavity.  The  air 
entered  the  upstream  rotating  tube  through  four  ports  and,  for  the  axial  throughflow 
tests,  it  left  the  downstream  rotating  tube  through  four  ports  and  a volute. 

The  outer  face  of  the  downstream  disc  was  radiantly  heated  (to  a maximum  temperature 
of  100  C)  from  a bank  of  electrical  heater  bars,  which  had  a maximum  output  of  22  kW. 

Both  surfaces  of  each  disc  were  Instrumented  with  embedded  thermocouples,  which  were 
brought  out  through  separate  slip  ring  assemblies.  For  the  axial  throughflow  tests,  the 
inlet  and  outlet  coolant  temperature  was  measured  by  means  of  total- temperature  probes 
Immediately  upstream  and  downstream  of  the  rotating  cavity.  The  thermocouple  signals 
were  measured  by  the  same  DVM  and  data  logger  as  used  for  the  single  disc  experiments. 

Owing  to  the  relatively  low  thermal  conductivity  of  the  discs  in  the  cavity  (compared 
with  the  mild  steel  used  In  the  single  disc  rl^,  the  temperature  differences  across  the 
downstream  heated  disc  enabled  both  local  and  mean  Nusselt  ntmibers  to  be  determined  by  the 
'conduction  solution'.  However,  as  the  enthalpy  rise  of  the  cooling  air  in  the  axial 
throughflow  tests  was  relatively  small,  (and  the  heat  loss  through  the  shroud  and  upstream 
disc  difficult  to  quantify),  and  as  it  was  not  practicable  to  measure  the  coolant  outlet 
temperature  for  the  radial  outflow  tests,  the  'enthalpy  balance'  was  not  used  to  determine 
mean  Nusselt  numbers. 

More  details  of  the  experimental  apparatus  for  the  rotating  cavity  tests  can  be  found 
In  Ref.  11 

3.  HEAT  TRANSFER  FROM  AN  AIR-COOLED  DISC  ROTATING  CLOSE  TO  A STATOR 


Heat  transfer  from  a free  disc  (a  disc  rotating  In  an  Infinite  environment)  has  been 
extensively  Investigated  (Refs  9,  12,  13,  14).  For  turbulent  flow  (Re  s 2 x 10^)  over  a 
disc  with  a quadratic  temperature  rise,  Owen  and  Haynes  (Ref.  9)  obtained  the  empirical 


correlation  for  the  mean  Nusselt  number  for  the  free  disc. 
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The  presence  of  a stator  close  to  a rotating  disc  (as  shown  In  Fig.  1(a))  can  result 
In  either  an  Increase  or  a decrease  In  heat  transfer,  compared  with  the  free  disc, 
depending  on  the  gap  ratio  and  coolant  flow  rate.  This  Is  Illustrated  In  Fig. 3,  and 
theoretical  and  experimental  corroboration  can  be  found  In  Ref.  9.  For  the  case  of  zero 
coolant  flow  rate,  C “ 0,  the  heat  transfer  reaches  a minimum  (approximately  50%  of  the 
free  disc  value)  at  S 
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Couette  flow  starts  to  occur  and  Mu  Increases;  for  G > G , 

"B'  where  „ , 

G = 1.05  Re 
max  tf 

after  which  the  stator  does  not  Influence  the  disc  and  the  free  disc  level  Is  reached. 


Nu  Increases 
(3.3) 


A certain  minimum  coolant  flow  rate,  C , Is  necessary  to  ensure  that  Nu  a 
G s G . This  flow  rate  Is  considered  to*fi^*\:he  same  as  that  entrained  by  a free  disc, 
so  thS!’' 


C . = 0.22  Re 

w,min 
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For  G s G , the  above  flow  rate  should  prevent  an  Inflow  over  the  stator;  for  G > G , a 

perlpheral*^shroud  Is  required  to  prevent  Inflow.  For  a shrouded  system,  with 

G « G (where  G = s /r  ),  the  minimum  flow  rate  required  to  seal  the  system  C , 

c c c o w,mln, 

is  (according  to  Ref.  (15)  ) , 

C , = 0.61  G Re  (3.5) 

w,mln  c <p 

In  order  to  achieve  turbulent  flow  over  the  entire  disc,  Kreith  et  al  (Ref.  16)  suggest 
that  for  a radial  outflow  of  coolant 

C /2nG  > 5000  (3.6) 

w 

If  eqn  (3.4)  Is  used  for  C and  eqn. (3.3)  for  G,  then  eqn  (3.6)  reveals  that  the  flow 
will  be  turbulent  If  Re  >”l.5  x 10°,  which  Is  consistent  with  the  free  disc 

transition  criterion. 

Owen  and  Haynes  (Ref. 10)  obtained  a correlation  for  the  mean  Nusselt  numbers,  obtained 


from  the  rig  described  in  Section  2.1,  based  on  two  asymptotic  values, 
small  and  large  gap  ratios  (or  low  and  high  rotational  speeds).  For  G 

Nu,  = 0.0145  (C  /G)°'® 
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and  for  G > G (and  Re  > 2 x 10  ) 
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where  Nu^^  is  given  by  eqn  (3.1). 
was  produced 
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Using  these  two  equatl<ns,  the  following  correlation 


Nu2  = Nu^^ 
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and  was  compared  with  the  experimental  results  and  numerical  solutions  of  the  boundary 
layer  equations  for  0.01  s G s 0.18,1.4  x 10  s C s 9.8  x 10  and  Re  s 3.9  x 10  . 

Examples  of  the  results  are  shown  in  Fig.  4 for  a'^small  gap  ratio  (G  ^ 0.02)  and  In  Fig.  5 
for  large  gap  ratios  (G  a 0.08).  Eqn  (3.9)  Is  only  valid  for  turbulent  flow  for  a rotating 
disc  with  a quadratic  temperature  rise  and  care  should  be  exercised  in  applying  it  to 
geometries  or  conditions  different  to  those  over  which  it  has  been  tested.  Ref.  10 
contains  modifications  for  the  effect  of  shroud  clearance  ratio  and  suggested  corrections 
for  other  Prandtl  numbers  and  disc  temperature  distribution  as  well  as  formulae  for  the 
frictional  moment  coefficient  on  air-cooled  rotating  discs.  Gosman  et  al  (Refs  17  & 18) 
also  describe  ntimerlcal  methods  that  have  been  applied  successfully  to  single  rotating 
disc  problems. 

Local  Nusselt  numbers  can  be  derived  from  eqn  (3.9)  using  the  definitions  of  the  local 
Nusselt  number 


Nu  3 qr/k  (T 
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(where  T^  is  the  disc  temperature  and  T^  the  adiabatic  disc  temperature) 
and  the  mean  Nusselt  number 
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(where  av  refers  to  the  radially-weighted  average  value)  such  that 
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For  the  case  of  a quadratic  temperature  rise  over  the  disc  (where  ad^**^  ) eqns 

(3.7),  (3,8),  (3.9)  and  (3.12)  give  _6  _ ^ , _5 

Nu  = |af^  Nu^  + “2  ^2  (3.13) 


where  • 0.75 

and  = 1 + (0.157  - 0.0205  (r/r^)^  C Re  + 0.22(r/r-)^  C Re Z^) 

2 Iwcpf  Iwcp 

As  stated  in  Section  2.1,  local  Nusselt  numbers  were  not  determined  experimentally. 

However,  Fig.  6 shows  a comparison  between  Nu  calculated  from  eqn  (3.13)  and  values 

obtained  from  numerical  solution  of  the  turbulent  boundary  layer  equations.  It  would 

therefore  appear  reasonable  to  use  eqn  (3.13)  for  design  purposes,  subject  to  the 

limitation  stated  above. 


4.  HEAT  TRANSFER  IN  A ROTATING  CAVITY  WITH  AN  AXIAL  THROUGHFLOW  OF  COOLANT 


In  comparison  with  the  single  disc  case,  heat  transfer  in  a rotating  cavity  with  an 
axial  throughflow  (see  Fig.  1(b))  is  difficult  to  understand  and  even  more  difficult  to 
predict.  Experiments  conducted  on  the  experimental  rig  described  in  Section  2.2  showed 
that  small  changes  In  axial  flow  rate  or  rotational  speed  could,  under  certain  conditions, 
cause  very  large  changes  in  heat  transfer  rates.  In  order  to  investigate  what  caused 
theje  step-changes  in  behaviour,  a half-size  isothermal  version  of  the  main  heat  transfer 
rig  was  constructed  using  perspex  discs  (380  mm  diameter),  and  flow  visualization  and 
laser  doppler anemometry,  LDA,  (full  details  of  which  are  contained  in  Ref.  19)  were 
used  to  obtain  details  of  the  flow  inside  the  cavity. 

Flow  visualization  on  the  perspex  rig  revealed  that  transition  from  laminar  to  turbulent 
flow  inside  the  cavity  coincided  with  transition  in  the  central  axial  jet.  Owing  to  the 
approach  conditions  (a  calming  section  and  16: l^area-ratio  contraction  was  used),  fully- 
turbulent  flow  could  be  delayed  to  Re^  « 2 x 10  . Alternatively,  by  'tripping'  th^  flow 
downstream  of  the  contraction,  it  was  possible  to  cause  transition  at  Re  ta  2 x 10  (the 
'traditional'  pipe  Reynolds  number  associated  with  transition). 

Under  laminar  flow  conditions,  it  was  not  possible  to  obtain  an  axlsymmetric  flow.  A 
temperature  difference  of  0.1°C  between  the  incoming  air  and  the  cavity  walls  was  sufficient 
to  create  buoyancy  effects  and,  for  a stationary  cavity,  instead  of  achieving  the  antic- 
ipated patterns  (for  G - 0.53)  shown  in  Fig.  7(a), *the  asymmetric  patterns  of  Fig.  7(b) 
were  observed.  By  contrast,  the  secondary  flow  inside  the  cavity  under  turbulent  conditions 
was  powerful  enough  to  assure  the  axlsymmetry  illustrated  in  Fig.  7(c).  The  turbulent 
toroidal  vortex,  which  was  centred  at  r/r  » 0.8  and  z/s  « 0,5,  could  result  in  recirculating 
mass  flow  rates  up  to  three  times  that  of  the  axial  throughflow  (although  only  a few 
percent  of  the  throughflow  was  actually  entrained  into  the  cavltyl) 

In  laminar  flow,  the  initial  effect  of  rotation  was  to  reduce  the  strength  of  the 
secondary  flow.  This  resulted  in  a weak  quasi-axisymmetric  toroidal  vortex  which  reduced 
in  radial  extent  with  increasing  rotational  speed  . The  shrinking  of  the  vortex  towards 
the  centre  is  illustrated  in  Fig.  7(d),  and  this  process  continued  until  the  Rossby  number, 

£ (t  * W /flTj)  was  of  order  unity.  For  0.7  * e i 3.6,  the  central  jet  became  unstable, 
as  shown  in  Fig.  7(e),  and  oscillated  with  a frequency  half  that  of  the  rotational 
frequency  of  the  cavity.  This  effect  was  attributed  to  vortex  breakdown  (Ref.  19)  and 
for  turbulent  flow  the  effects  were  even  more  dramatic.  Under  turbulent  conditions,  the 
central  jet  began  to  oscillate  intermittently  at  € <»  100,  and  as  the  Rossby  number  was 
reduced  (by  either  increasing  the  rotational  speed  or  decreasing  the  flow  rate)  the  jet  began 
to  precess  violently  about  its  own  axis,  as  illustrated  in  Fig.  7 (f).  This  effect, 
attributed  to  spiral  vortex  breakdown,  built  up  in  intensity  to  reach  a peak  at  e n 21. 

If  the  Rossby  number  was  further  reduced,  the  jet  would  resume  its  central  passage  through 
the  cavity  in  a quasi-axisymmetric  fashion  with  pulsations  of  the  jet  boundaries.  Spectral 
analysis  of  the  jet  oscillations  revealed  that  during  the  spiral  vortex  breakdown 
(21  * e ^ 100)  the^jet  oscillated  at  a frequency,  f,  proportional  to  the  axial  velocity 
(fr^/W  «(  3.8  X 10  ),  whereas  during  the  quasi-axisymmetric  breakdown  (e  a 21)  the  jet 
pulsated  with  a fundamental  frequency  (equal  to  the  rotational  frequency  of  the  cavity) 
together  with  a large  nximber  of  higher  harmonics. 

The  precise  boundary  between  the  turbulent  spiral  and  quasi-axisymmetric  vortex 
breakdown  was  difficult  to  determine  accurately  owing  to  hysteresis  effect8(a  change  from 
spiral  to  axlsymmetric  breakdown  occurred  at  a lower  Rossby  niimber  than  the  reverse  change). 

★ 

Footnote  It  should  be  pointed  out  that  there  was  in  fact  a difference  between  the 
perspex  rig  and  theheat  transfer  rjgin  the  former,  the  two  discs  were  independently  driven 
from  a lay-shaft,  hence  neither  the  central  drive  shaft  nor  the  ports  (described  in 
Section  2.2)  were  necessary. 
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Fig.  8 shows  the  observed  regimes  of  vortex  breakdown  for  both  laminar  and  turbulent  flow 
at  G “ 0.53.  The  region  of  laminar  breakdown  was  delineated  from  rms  levels  of  the  tangential 
components  of  velocity  measured  by  the  laser  anemmometer;  the  transition  from  turbulent 
spiral  to  quasi-axlsymmetrlc  breakdown  was  found  by  flow  visualization  (and  corroborated 
by  step  changes  in  the  pressure  drop  across  the  cavity,  step  changes  in  the  tangential 
velocity,  and  step  changes  in  the  frequency  of  the  jet  fluctuations).  The  start  of 
spiral  breakdown  was  difficult  to  establish  by  visual  means  and  the  limit  at  e r,  100 
was  inferred  from  slope  discontinuities  in  the  axial  pressure  drop  measurements.  All 
physical  observations  were  consistent  with  a gradual  start  of  spiral  breakdown,  at  e sa  100 
and  a sudden  end,  at  s 21. 

The  observation  of  vortex  breakdown  on  the  perspex  rig  is  consistent  with  the  thermal 
discontinuities  found  on  the  heat  transfer  rig.  Local  Nusselt  numbers,  measured  at  ^ 

G <•  0.4  on  the  heated  downstream  disc,  are  shown  in  Fig.  9 for  Re  = 0.18  x 10^  and  0.9  x 10  . 
For  both  flow  rates,  very  high  'peaky'  profiles  occur  in  the  spiral  breakdown  range, 

21  A c s.  100.  The  fact  that  the  minimum  value  of  Nu  occurs  at  r/r  » 0.8  is  also  consist- 
ent with  fluid  dynamics  measurements  in  the  perspex  rig  (in  which  She  toroidal  vortex 

was  centred  at  r/r  « 0.8,  and  LDA  measurements  revealed  that  V /Or  s 1 for  r/r  i 0.8). 

o tp  o 

Subsequent  flow  visualization  in  the  heat  transfer  rig  at  G = 0.4  (using  a transparent 
polycarbonate  shroud)  revealed  that  (despite  the  presence  of  a central  drive  shaft)  vortex 
breakdown  occurs  in  the  Isothermal  and  the  heated  cavity  at  approximately  the  same  flow 
conditions.  Whilst  the  demarcation  between  spiral  and  quasl-axlsymmetric  breakdown  is 
less  precise  in  the  heat  transfer  rig  than  in  the  perspex  ri&  it  does  appear  to  occur 
at  c Ri  21. 

Flow  visualization  in  the  perspex  rig  at  smaller  gap  ratios  has  revealed  that  turbulent 
spiral  breakdown  is  present  at  G = 0.38  but  appears  to  be  absent  at  G “ 0.25.  At  the 
latter  gap  ratio,  counter-rotating  toroidal  vortices  occur  when  the  cavity  is  stationary. 

The  initial  effect  of  rotation  is  to  suppress  the  outer,  weaker,  vortex  and  to  shrink 
the  inner  vortex  towards  the  centre  of  the  cavity.  At  e * 21  (where  the  quasl-axlsymmetric 
breakdown  occurs  at  the  larger  gap  ratios)  the  core  suddenly  'explodes'  outwards  with  a 
dramatic  Increase  of  turbulence  inside  the  cavity.  Further  increase  of  rotational  speed 
causes  the  core  to  shrink  inwards  again  until,  at  e 1 (where  vortex  breakdown  occurs 
in  laminar  flow)  it  again  moves  outwards.  Whilst  it  has  not  yet  been  possible  to  reduce 
the  Rossby  number  below  a value  of  e r,  0.8,  it  is  believed  that  the  core  will  continue  to 
shrink  until,  at  « « 1,  there  is  no  Isothermal  circulation  Inside  the  cavity.  Under 
those  conditions,  buoyancy  effects  must  dominate  the  flow  and  heat  transfer  Inside  the 
cavity. 

Although  heat  transfer  measurements  have  been  made  at  G = 0.4,  0.267  and  0.133,  owing 
to  the  effects  described  above,  no  clear  patterns  for  the  influence  of  flow  rate  and 
rotational  speed  on  the  mean  Nusselt  numbers  have  been  determined.  It  can  be  said, 
however,  that  the  average  level  of  heat  transfer  from  the  downstream  disc  is  consistently 
less  than  that  for  the  single  rotating  disc  under  similar  conditions.  Work  is  continuing 
on  the  heat  transfer  rig  to  establish  the  effect  of  inlet  and  exit  conditions  on  the 
heat  transfer;  and  on  the  perspex  rig  detailed  measurements  of  the  flow  in  the  cavity  at 
a number  of  gap  ratios  is  continuing.  A new  rig  is  also  being  built  in  which  it  will  be 
possible  to  measure  simultaneously  heat  transfer  and  fluid  dynamics  data. 

It  is  worth  noting  that  Yu  et  al  (Ref.  3)  who  conducted  experiments  in  a system  where 
the  coolant  entered  axially  through  the  centre  of  the  heated  rotating  disc  and  left  through 
a clearance  between  the  shroud  and  the  stator,  observed  a flow  behaviou;;  similar  to  the 
spiral  breakdown  described  above.  From  examination  of  tlielr  results,  for  0.44  ^ G ^ 2, 
it  appears  that  the  central  Jet  precessed  about  its  axis  for  1 ^ g 5:  12. 

5.  HEAT  TRANSFER  IN  A ROTATING  CAVITY  WITH  A RADIAL  OUTFLOW  OF  COOLANT. 

For  the  case  of  radial  outflow  (see  Fig.  l(c)^  the  half-size  perspex  rig,  mentioned 
in  Section  4 and  modified  by  the  inclusion  of  thirty  holes  of  13  mm  diameter  in  the 
shroud,  was  used  for  flow  visualization.  Fig.  10  illustrates  the  flow  patterns  observed 
at  a gap  ratio  of  G - 0.53;  the  cross-hatching  represents  regions  where  the  smoke  was 
observed  to  penetrate. 

Fig.  10(a)  shows  a stationary  cavity  with  Re  r>  600  which  results  In  a laminar  central 
jet,  a laminar  wall  jet  (on  the  downstream  disc)  and  laminar  recirculation.  At  low 
rotational  speeds  (Re_  * 2500),  the  laminar  central  jet  oscillates  shedding  vortlcity  into 
the  cavity,  via  the  wall  jet,  which  induces  a turbulent  core  of  recirculating  fluid.  At 
higher  speeds  * 6000),  the  turbulent  core  shrinks  radially  inwards,  as  shown  in  Fig. 10(b) 
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and  Ekman  layers  (in  which  all  of  the  radial  outflow  occurs)  appear  on  each  disc.  For  higher 
rotational  speeds  5 x 10^),  the  core  shrinks  towards  the  centre  of  the  cavity,  as 

shown  In  Fig.  10(c),  leaving  thin  Ekman  layers  on  the  discs.  This  observation  is  con- 
sistant  with  the  laminar  source  flow  model  of  Hide  (Ref.  20). 

By  increasing  Re  , it  is  possible  to  produce  a turbulent  radial  wall  jet  before  the 
central  jet  becomes  turbulent,  and  the  flow  in  the  cavity  becomes  progressively  more 
turbulent  as  Re^  is  increased  from  10^  to  2 x 10^.  Under  stationary  turbulent  conditions, 
the  flow  in  the  cavity,  see  Fig.  10(d),  is  similar  to  that  observed  with  an  axial  through- 
flow.  Although  spiral  vortex  breakdown  was  observed  with  a radial  outflow  over  a similar 
range  of  Rossby  numbers  to  that  in  the  axial  throughflow  case,  its  effect  is  far  less 
dramatic.  An  effect  that  is  marked  is  the  shrinking  of  the  turbulent  core  with  increasing 
rotational  speed.  After  a critical  value  of  Re  , the  radius  of  the  core,  r , decreases 
with  increasing  rotational  speed,  as  shown  in  F?g.  10(e).  There  appears  to^be  a minimum 
radius  to  which  the  core  shrinks,  and  the  size  of  this  radius  (and  the  critical  value  of  Re 
at  which  the  core  begins  to  shrink)  increases  with  increasing  Re  . As  for  the  laminar  flow'*’’ 
case,  Ekman  layers  appear  on  both  discs,  and  between  these  layers  (where  the  fluid  rotates 
at  a speed  slower  than  the  discs)  smoke  only  penetrates  slowly  by  diffusion  rather  than  by 
convection.  For  all  gap  ratios  tested  (0.125  s G s 0.53),  the  turbulent  core  starts  to 
shrink  at  virtu-’lly  the  same  value  of  Re  (for  a given  value  of  Re  ) and  reduces  in  size 
to  approximately  the  same  minimum  radlusT 


The  Nusselt  numbers  obtained  from  the  heated  downstream  disc  on  the  full-size  heat 
transfer  rig  described  in  Section  2.2  were  consistent  with  the  flow  visualization  obser- 
vations. The  variation  of  mean  Nusselt  number  with  Re  , for  a range  of  Re  , is  shown  in 
Fig.  11.  At  small  values  of  Re  , rotational  speed  has'*’llttle  influence  on^heat  transfer; 
this  is  the  core-dominated  regiSe.  At  a critical  value  of  Re  , which  increases  with  increas- 
ing Re  , Nu  increases  with  both  Re  and  Re  ; this  is  the  shriSklng-core , or  developing 
Ekman  * layer , regime.  At  still  higher  values  of  Re  , the  mean  Nusselt  numbers  begin  to 
'flatten  off  again  and  show  a reduced  increase  wlSh  increasing  Re  ; this  is  considered  to 
be  the  region  of  the  fully-developed  Ekman  layer,  or  the  fully- shrSnk  core. 


In  the  core-dominated  regime  heat  transfer  is  controlled  by  the  radial  mass  flow  rate; 
in  the  shrinking  core  regime,  heat  transfer  increases  as  the  Ekman  layer  grows  in  radial 
extent  with  increasing  Re  ; in  the  fully-developed  Ekman  layer  regime,  increase  in  heat 
transfer  with  increasing  '*’Re  is  attributed  to  thinning  of  the  Ekman  layer.  It  can  also 
be  seen  that  the  extent  of  tSe  second  (shrinking  core)  regime  is  reduced  with  increasing  Re 
This  is  consistent  with  the  observation  that  the  value  of  Re  at  which  the  core  begins  to  * 
shrink,  and  the  minimum  radius  of  the  core,  increases  with  increasing  Re  . Referring  to 


'5  X 10^)  the  core 


Fig.  11,  it  is  probable  that  at  a sufficiently  high  value  of  Re  (Re  > 
will  not  shrink  and  the  three  regimes  will  merge  into  one.  Other  gap  ratios  tested 
(G  “ 0.267,  0.133)  provide  results  very  similar  to  those  obtained  at  G - 0.4. 


Fig,  12  shows  the  radial  distribution  of  local  Nusselt  numbers  for  G = 0.4  and  Re  ” 

5 X 10^.  The  rotational  Reynolds  number  has  little  influence  on  the  level  or  distribution 
of  Nu  until  Re  ^ 9.5  x 10^,  which  is  consistent  with  the  mean  Nusselt  numbers  shown  in 
Fig.  11.  It  sRould  be  noted  that,  owing  to  the  definitions  of  Nu  and  Nu  used  (see  eqns 
3.10  and  3.11),  it  is  possible  for  the  mean  Nusselt  number  to  exceed  the  maximum  local 
Nusselt  number. 

6.  CONCLUSIONS 


Heat  transfer  measurements  have  been  obtained  for  a single  disc  rotating  close  to  a 
stator  (with  gap  ratios  0.01  s G s 0.18,  radial  outflow  rates  of  C s 10^  and  rotational 
speeds  of  Re  s 4 x 10”  ) and  for  the  downstream  disc  of  a rotating  cavity  with  either  an 
axial  throughflow  or  a radial  outflow  of  coolant  (with  0.13  s G s 0.4,  Re  s 5 x 10^  and 

Re  s 2.5  X 10^).  * 

9 


For  the  single  rotating  disc  case,  if  the  gap  ratio  exceeds  a maximum  value  (G  “ 

1.05  Re  ■®'^)  the  presence  of  the  stator  no  longer  affects  heat  transfer  from  the 
rotatinf  disc.  If  G < a minimum  flow  rate  (C^  ” 0.22  Re  0-8)  j^g  necessary  to 

prevent  inflow  and  to  ensure  that  Lhe  heat  transfer'’^exceeds  that  o?  a free  disc.  Empirical 
correlations  are  presented  for  the  variation  of  mean  and  local  Nusselt  numbers  with  gap 
ratio  coolant  flow  rate  and  rotational  speed. 


For  a rotating  cavity  with  an  axial  throughflow  of  coolant,  heat  transfer  is  strongly 
affected  by  vortex  breakdown.  At  G • 0.4,  spiral  vortex  breakdo%m  occurs  over  a range  of 
Rossby  numbers  21  £ e 100  causing  a 'peaky'  distribution  of  local  Nusselt  numbers. 
Although  the  mean  Nusselt  numbers  show  erratic  changes  with  Re  and  Re  , the  general  level 

Cp  2 
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is  considerably  lower,  under  equivalent  conditions,  than  for  the  single  rotating  disc  case 
(the  latter  being  typically  of  order  three  times  higher). 

For  a rotating  cavity  with  a radial  outflow  of  coolant,  three  regimes  of  heat  transfer 
have  been  Identified.  At  relatively  low  rotational  speeds,  a turbulent  core-dominated 
region  exists  where  Nu  is  only  weakly  affected  by  Rt but  Increases  with  increasing  R^ ^ At 
intermediate  speeds,  the  core  shrinks,  Ekman  layers  oegln  to  develop  on  the  discs  and  Nu 
Increases  strongly  with  R^  and  Re  . At  high  speeds,  the  core  reaches  a minimum  radius, 
the  Ekman  layers  become  fully-deveioped  and  heat  transfer  Increases  only  weakly  with  R^ . 

For  large  values  of  Re  , there  is  evidence  to  suggest  that  the  central  turbulent  core  does 
not  shrink,  and  the  three  regimes  are  expected  to  merge  Into  one.  The  average  level  of  heat 
transfer  is,  under  equivalent  conditions,  lower  than  that  for  the  single  rotating  disc  but 
much  greater  than  that  obtained  with  axial  throughflow. 

It  is  considered  that  heat  transfer  from  a single  rotating  disc  Is  reasonably  well 
understood  and  can  be  predicted  (numerically  and  empirically)  with  satisfactory  accuracy 
over  a wide  range  of  conditions.  For  a rotating  cavity  with  an  axial  throughflow  of  coolant, 
the  heat  transfer  behaviour  is  (owing  to  vortex  breakdown)  difficult  to  understand  and  even 
more  difficult  to  predict.  It  Is  quite  possible  that  a numerical  method  could  be  devised 
to  either  determine  the  onset  of  vortex  breakdown  or  to  calculate  heat  transfer  rates  when 
breakdown  is  absent;  but  It  is  unlikely  that  a method  will  be  developed  in  the  near  future  to 
do  bothi  By  contrast,  the  rotating  cavity  with  a radial  outflow  of  coolant  appears  easier  to 
understand,  and  it  should  be  possible  to  predict  (numerically  and/or  empirically)  heat 
transfer  rates.  It  is  clear  that  more  experimental  and  theoretical  research  is  necessary 
before  temperature  distributions  in  corotating  turbine  or  compressor  rotors  can  be  determined 
with  any  accuracy. 
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DISCUSSION 


MJ.HolIand,  UK 

1 would  first  like  to  compliment  the  author  on  a very  valuable  paper.  Could  you  please  explain  which  gas  tempera- 
ture you  have  employed  in  each  of  the  three  configurations  of  rotating  disc  systems  for  your  definition  of  convective 
coefficients  and  Nusselt  numbers. 

Author’s  Reply 

In  answer  to  Mr  Holland’s  point  about  the  reference  gas  temperature,  for  the  single  disc  case  we  used  the  adiabatic 
disc  temperature  (corresponding  to  the  coolant  temperature  at  inlet  plus  a frictional  work  term,  as  used  in  Reference 
9).  For  the  rotating  cavity  cases,  we  used  the  coolant  inlet  temperature  simply  because  it  was  convenient  to  measure. 


C.H.Priddin,  UK 

In  your  second  case  (compressor  discs  with  throughflow)  have  you  done  any  experiments  with  a central  pipe  with 
cooling  flow  through  the  annulus?  The  vortex  breakdown  mechanism  you  describe  may  not  be  so  significant  if  the 
flow  cannot  cross  the  axis.  In  an  engine  situation  it  is  likely  that  there  will  be  a shaft  through  the  center. 

My  second  question  refers  to  the  problem  of  definition  of  heat  transfer  coefficient  raised  in  a previous  question. 

A way  round  this  would  be  to  abandon  the  coefficient  and  use  the  actual  heat  flux  in  correlations  - have  you  tried 
this? 

Author’s  Reply 

With  reference  to  Dr  Priddin’s  first  query,  we  have  recently  carried  out  flow  investigation  on  the  heat  transfer  rig 
(which  contains  a drive  shaft  of  25  mm  outside  diameter  that  '•otates  at  the  same  speed  at  the  inlet  tube,  which  itself 
is  75  mm  inside  diameter)  and  have  observed  vortex  breakdown  occurring  under  similar  conditions  to  those  in  the 
half-size  perspex  rig  (which  does  not  contain  a central  shaft). 

1 agree  with  Dr  Priddin’s  second  comment,  and  although  we  calculate  the  flux  from  our  experimental  results,  we  still 
(out  of  convention!)  present  our  data  as  Nusselt  numbers  based  on  an  arbitrary  reference  temperature  (the  coolant 
inlet  temperature).  As  the  heat  transfer  for  the  rotating  cavity  with  axial  throughflow  depends  as  much  on  the 
thermal  boundary  conditions  as  it  does  on  the  flow  conditions,  the  concept  of  a Nusselt  number  is  somewhat  archaic! 
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REVUE  DES  TECHNIQUES  DE  PROTECTION  THERMIQUE 
DES  PAROIS  DES  FOYERS  PRINCIPAUX  ET  DE  RECHAUFFE  DES  TURBOREACTEURS 

M.  BUISSON 
J.P.  GAILLAC 
B.  DEROIDE 

DEPARTEMENT  COMBUSTION-POLLUTION-RECHAUFFE 
CENTRE  DE  VILLAROCHE  - 77  550  - MOISSY-CRAMAYEL  (France) 


RESUME 

L'evolution  du  cycle  des  turboreacteurs  qui  se  traduit  par  une  augmenta- 
tion du  niveau  de  pression  et  de  temperature  en  amont  des  foyers,  et  la  necessite 
d'accrottre  la  securite  de  fonctionnement , exigent  de  la  part  des  constructeurs  un 
effort  particulier  concernant  la  protection  des  parois  de  la  chambre  de  combustion 
et  du  canal  de  rechauffe. 

Ce  probleme  technique  est  analyse  en  tenant  compte  de  ses  differents 
domaines  d 'application,  et  en  soulignant  les  difficultes  resultant  des  contraintes 
qu'impose  le  bon  fonctionnement  du  moteur.  Une  etude  critique  des  solutions  clas- 
siques  (convection  forces,  refroidissement  par  film  etc..),  conclut  a la  necessite 
de  1 ’ uti lisation  de  precedes  plus  elabores.  De  tels  precedes  sont  proposes  ; des 
calculs  simplifies  sont  menes  en  vue  de  les  caracteriser  et  leurs  resultats  confron- 
tes  a ceux  de  1 ' experience • 


CO. 


d 

Dh 

e 

h 

H 

k 
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SYMBOLES  et  indices 

facteur  d ' absorption 
concentration  en  CO^ 

capacite  calorif ique 

coefficient  de  debit  s debit  reel/debit 
theorique 

diaroetre  des  pergages  en  multiperforation 

diametre  hydraulique 

facteur  d'emissivite 

coefficient  de  transfert  convectif 

hauteur  du  tube  a flamme 

conduct ibilite  therm ique 

longueur  moyenne  de  rayonnement 
(1,2  H < 1 < 1,7  H) 

facteur  de  luminosite 

taux  de  soufflage 
(film  classique) 


P 

P 

Pe 

Pr 

dQ 

r 

Re 


t 

T 

V 

X 

X 


(P  V)f 

(p  V) 
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( multiperforation 


( P V)perc 

pas  (intervalle  entre  orifices) 
pression  (bar) 

Nombre  de  Peclet  = V^d/X  t 
Nombre  de  Prandtl  = JA,  Cp/k 
flux  de  chaleur 

rapport  de  melange  air-carburant 
nombre  de  Reynolds  s p VDh/p. 
hauteur  de  fente 

distance  entre  deux  rangees  d'orifices 
(multiperforation) 

temperature 

temperature 

Vitesse 

abscisse 

param^tre  de  correlation  de  film  s sc/ms 


o<  t diffusivite  turbulente 

epaisseur  de  paroi 
efficacite 

9 angle  film  a alveole 

p viscosite  dynamique 

p masse  specifique 

O’  permeabilite  ( 9t) 

Constante  de  Stefan  Boltzmann 
^ richesse  s r/r  Stoechiometrique 

0 diametre  (au  niveau  du  film  oonsidere  ) 

ad  adiabatique 

c convection 

cart  carter 

cond  conduction 

e externe 

f film 

perc  pergage 

F flamme 

g gaz  (brOles  ou  chauds) 

1 interne 

p paroi 

r rayonnement 


unites  SI  (sauf  specifications  contraires) 
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1,  INTRODUCTION 

L'evolution  du  cycle  du  turboreacteur  d'aviation  orient^e  vers  la  recherche  de  I'aoeliora- 
tion  du  rendeaent  thermique  conduit  a accrottre  le  taux  de  compression,  ce  qui  se  traduit  par 
des  temperatures  a 1 'entree  et  a la  sortie  des  chambres  de  combustion  en  constants  augmentation* 

II  en  results  une  plus  grande  difficulte  pour  I'obtention  d'une  tenue  mecanique  satisfaisante 
des  tubes  a flamme,  compte  tenu  des  temperatures  atteintes  et  des  contraintes  dues  a la  pression 
et  aux  gradients  thermiques*  Les  progres  realises  a ce  jour  doivent  beaucoup  a la  metallurgie,  a 
l*evolution  des  techniques  de  fabrication  mais  aussi  a un  meilleur  contrdle  de  1 ' aerodynamique 
interne  des  foyers  et  des  techniques  de  refroidissement  de  paroi* 

Get  expose  a pour  but  de  passer  rapidement  en  revue  les  differentes  techniques  de  refroi- 
dissement de  foyers  de  turboreacteurs , d'essayer  de  montrer  leurs  limites  et  leurs  possibilites 
de  developpement  pour  I'avenir*  Les  precedes  de  protection  centre  I'oxydation  et  les  materiaux 
refractaires  (par  exemple  : ceramique,  materiaux  frittes  •••)  ne  seront  pas  traites  dans  cette 
etude* 

Les  parols  des  foyers  de  rechauffe  appelees  "chemises  de  protection  thermique"  font  appel 
aux  mftmes  techniques  quant  au  refroidissement  des  parois*  La  rechauffe  est  utilisee  sur  avion 
roilitaire  ; dans  le  cas  d'une  utilisation  sur  un  avion  civil,  telle  que  par  exemple,  la  combus- 
tion dans  le  flux  froid  d'un  avion  supersonique , la  fiabilite  demandee  serait  du  m^me  ordre  de 
grandeur  que  pour  la  chambre  principale* 

2.  ETUDE  CRITIQUE  DES  SOLUTIONS  UTILISABLES  POUR  LE  REFROIDISSEMENT  DES  PAROIS 

L' evolution  technique  des  turboreacteurs  a conduit  le  constructeur  a mettre  en  oeuvre  des 
precedes  de  protection  thermique  de  plus  en  plus  elabores,  tenant  compte  d'imperatifs  thermiques 
aussi  bien  que  mecaniques  et  thermodynaraiques * L* importance  relative  de  ces  differents  facteurs 
ayant  varie  au  cours  du  temps,  les  choix  qui  en  ont  decoule  ont  eux  ro&mes  ete  tres  divers*  Nous 
nous  proposons  de  les  passer  en  revue  depuis  les  solutions  les  plus  anciennes  jusqu'a  des  techni- 
ques qui  en  sont  encore  au  stade  experimental,  en  dimtAnou4nt  les  domaines  d ' application  : foyer 
principal  d'abord,  rechauffe  ensuite* 

2*1*  Chfunbres  de  combustion  principeles 

Preliminaires 

Le  rdle  de  la  chambre  principale  est  d'elever  I'enthalpie  totale  de  I'ecoulement  issu  du 
compresseur,  tout  en  obeissant  a certains  imperatifs  : 

- utiliser  le  carburant  de  faqon  optimale,  c ' est-a-dire , avoir  un  rendereent  de  combustion  maximal 
avec  une  plage  de  fonctionnement  stable  la  plus  large  possible* 

- fournir  a l^ii  turbine  des  gaz  chauds  dont  la  repartition  de  temperature  soit  compatible  avec  la 
fiabilite  (femandee 

- degrader  Ic  moins  possible  I'energie  de  I'ecoulement,  done,  generer  une  perte  de  charge  minima* 
le  • 

- assurer  une  tenue  mecanique  satisfaisante,  en  particulier,  limiter  la  temperature  des  parois  a 
une  valeur  maximale  dependant  de  I'alliage  refractaire  utilise  (ordre  de  grandeur  actuel  850  a 
900«C) . 

Rappelons  qu'on  distingue  classiquement  trois  types  de  chambre  : tubulaire,  tubo-annulaire 
et  annulaire  (fig*l)*  Actuellement,  la  geometric  annulaire  pure  se  generalise  pour  des  raisons 
de  poids  et  de  performances  (er:  particulier  sur  le  plan  de  la  tenue  thermique,  puisque  le  rapport 
surface  de  paroi/volume  du  tube  y est  minimal)*  Cependant,  quel  que  soit  le  type  de  chambre,  la  con- 
ception doit  tenir  compte  de  certains  principes  fonctionneii  : 

- le  tube  a flamme  doit  realiser  la  distribution  de  I'air  en  une  zone  primaire  (ou  s'effectue  la 
combustion  vive  dans  des  conditions  quasi  stoechiometriques)et  une  zone  secondaire  ou  se  fait 

le  melange  avec  I'air  frais  pour  realiser  le  niveau  de  temperature  voulu*  ^ 

- il  doit  aussi  generer  la  turbulence  n^cessaire  a la  stabilisation  de  la  combustion  ainsi  qu'a 
I'obtention  de  rendements  Aleves  et  d'une  repartition  de  temperature  suffisamroent  uniforme* 

- il  joue  enfin  un  r8le  important  de  protection  thermique  des  carters*  II  est  done,  par  nature, 
soumis  a des  transferts  importants  d'^nergie  thermique,  par  rayonnement,  convection  et  conduc-  • 
tion. 

Ces  principes  etant  poses,  il  existe  neanmoins  une  qrande  variete  de  solutions  selon  les 
contraintes  technologiques  existantes  et  les  objectifs  prioritaires  choisis  (stabilite  de  combus- 
tion, rendement,  repartition  de  temperature,  pollution,  etc***)*  Ces  solutions  correspondent  a 
des  caracteristiques  fort  differentes,  en  particulier  quant  a la  vitesse  et  A la  turbulence, 
des  ecoulements  interne  et  externe  au  tube  a flamme*  On  comprend  dans  ces  conditions,  que  les 
techniques  de  refroidissement  se  soient  diversifiees  et  mettent  en  jeu  une  quantite  d'air  variant 
de  25  A 509^  du  debit  total,  cet  air  ayant,  en  plus  de  la  function  refroidissement,  un  rdle  en 
dilution,  voire  en  combustion*  Nous  exposerons  brievement,  ci-dessous,  ]es  fondements  de  ces 
techniques* 

Convection  forcee 

Cette  solution  bien  qu'ancienne,  est  A la  base  de  nombreuses  techniques*  Elle  consiste  a 
exploiter  la  capacity  calorifique  importante  de  I'air  introduit  en  zone  secondaire  en  lui  trans- 
fArant  par  1 ' intermAdiaire  des  couches  limites,  les  flux  issus  de  I'interieur  de  la  chambr.;* 

Cette  solution  a AtA  employAe  en  particulier  sur  les  chambres  de  type  ATAR  (fig *2)  et  les  chambres 
A retour*  Ses  avantages  sont  Avidents  s emploi  rationnel  de  I'air  de  dilution,  simplicitA  de 
conception  conduisant  A des  prix  acceptables  et  une  bonne  sAcuritA  d' emploi* 

Cette  technique  intAressante  pour  des  moteurs  peu  comprimAs,  A tempArature  d'entrAe  turbine 
basse,  est  difficilement  extrapolable  pour  des  conditions  plus  sAvAres*  Elle  conduit  en  effet, 
pour  augmenter  les  coefficients  d'Achange,  A accrottre  les  vitesses  entre  tube  et  carter,  done  A 
diminuer  les  sections  de  passage*  Ceci  entralne  un  risque  technologique  (pour  le  positionnement ) , 
une  penalisation  du  cycle  quant  A la  perte  de  charge,  et  une  difficultA  d 'alimentation  des 
orifices  du  tube* 


r 
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II  est  bien  evident  par  ailleurs  que  ces  precedes  s'appliquent  dif f ici lenent  a certaines 
parties  aval  du  tube. 

Refroidisseaent  par  film  parietal 

La  convection  externe  avait  pour  but  d 'absorber  le  flux  de  chaleur  transfer^  par  les  gaz 
chauds  a la  paroi*  Le  precede  de  film  parietal  se  propose  de  diminuer  ce  flux  convecte  par  les 
gaz  chauds  en  interposant  entre  eux  et  la  paroi  une  lame  d'air  froid.  Pour  agir  ef f icacement , un 
film  parietal  doit  repondre  a certaines  specifications  : 

- il  doit  6tre  le  plus  homogene  possible  en  vitesset  a 1 ' introduction  dans  la  chambre. 

o il  doit  dtre  dimensionne  de  fagon  a ce  que  la  lame  d'air  froid  se  melange  le  plus  lentement 
possible  aux  gaz  chauds,  sans  que  la  quantite  d'air  introduit  de  cette  raaniere  soit  prohibi- 
tive* 

- il  doit  dtre  genere  par  une  piece  mecaniquement  saine,  participant  d'ailleurs  a la  tenue  de 
1' ensemble  du  tube,  mais  fiable  et  de  prix  de  revient  minimal* 

On  trouvera  dans  le  chapitre  5 differents  moyens  technologiques  pour  fabriquer  des  films 
realisant  plus  ou  moins  bien  ces  objectifs*  Cependant,  si  le  film  joue  un  r6le  d'ecran  vis-a-vis 
de  la  convection  des  gaz  chauds  sur  la  paroi,  il  ne  protege  pas  du  rayonnement*  De  plus,  le  flux 
qu'il  peut  absorber  par  convection  a la  paroi  est  necessairement  limite  par  la  quantite  d'air 
utilisee  et  la  vitesse  d ' introduction  relativement  basse* 

Dans  la  pratique,  on  est  done  conduit  a associer  k I'effet  de  film,  la  convection  externe* 
C'est  ce  qui  est  fait  dans  un  grand  nombre  de  chambres  de  combustion  actuelles  (fig*  3)* 

Solutions  faisant  I'ob.iet  de  recherches  pour  les  chambres  futures 

L'objectif  etant  d'utiliser  plus  rationnellement  I'air  de  refroidissement , e'est-a-dire  de 
I'introduire  dans  la  chambre  a une  temperature  proche  de  celle  de  la  paroi,  divers  precedes  sont 
envisageables  pour  ameliorer  les  transferts  de  chaleur  entre  I'air  froid  et  les  parois  : 

- on  peut  augmenter  les  echanges  convectifs  en  accroissant  les  surfaces  d'echange  (ailettes),  ou 
en  agissant  au  niveau  des  couches  limites  par  de  petits  obstacles  (pontets,  etc*..)* 

- on  peut  aussi  utiliser  I'effet,  local  mais  important, de  1 ' impact  des  jets  sur  une  paroi,  pour 
ameliorer  le  coefficient  d'echange*  Cet  effet  sera  employe  pour  des  pieces  de  petites  dimen- 
sions fortement  sollicitees  thermiquement , comme  les  fonds  de  chambre* 

- on  peut  faire  travailler  I'air  en  convection  dans  une  double  paroi  avant  de  I'introduire  en 
film*  C'est  par  example  le  cas  des  films  a retour,  en  materiau  sandwich  (fig. 4).  Ces  dernieres 
solutions  se  heurtent  cependant  a des  problemes  de  tenue  mecanique,  en  particulier  a I'implosion. 

- on  pourrait  enfin  utiliser  le  precede  bien  connu  de  transpiration,  mais  la  encore  les  problemes 
de  tenue  mecanique  ne  peuvent  ^tre  resolus  par  la  technologie  actuelle*  Par  contre,  les  progres 
des  techniques  d'usinage  (pergage  par  bombardement  electronique)  permettent  de  realiser  une 
multiperforation  des  parois  qui  cumulent  une  convection  intense  a I'interieur  de  la  tdle  et  un 
effet  de  film  du  cdte  chaud.  Cette  technique,  deja  utilisee  pour  combattre  les  surchauffes 
locales,  fait  actuellement  I'objet  de  recherches  a la  S.N.E.C.M.A* 

2*2*  Chambres  de  rechauffe 

Le  refroidissement  des  parois  des  chemises  de  protection  thermique  des  canaux  de  rechauffe 
fait  appel  aux  m^mes  principes  que  celui  des  foyers  principaux*  Les  niveaux  de  pression  (P^4  bars) 
sont  cependant  moins  eleves,  la  nature  et  I'echelle  de  turbulence  differentes  ; par  contre,  les 
canaux  sont  generalement  longs  et  de  grand  diametre  et  les  vitesses  de  gaz  elevees*  Les  zones  de 
rencontre  des  fronts  de  flamme  avec  les  parois  sont  tres  sollicitees.  On  rencontre  d ' importantes 
heterogeneltes  circonferentielles  de  temperature,  par  suite  de  la  non  homogeneite  de  I'ecoulement 
des  gaz  qui  alimentent  le  foyer  de  rechauffe  (sillages  chauds).  On  est  conduit  de  ce  fait  a sur- 
dimensionner  le  refroidissement  des  parois  au  risque  de  se  penaliser  du  point  de  vue  des  perfor- 
mances de  la  rechauffe* 

On  distinguera  les  rechauffes  des  moteurs  monoflux,  de  celles  des  moteurs  double  flux.  I^s 
premiers  ont  generalement  des  chemises  dites  k convection  forcee,  les  seconds,  disposant  d'air 
frais,  utilisent  souvent  le  refroidissement  par  films  d'air  successifs,  I'air  des  premiers  films 
participant  a la  combustion.  Ces  films  sont  generalement  realises  par  emboutissage  avec  liaison 
par  rivets  ou  soudure,afin  de  diminuer  les  prix  de  revient  et  de  donner  une  certaine  souplesse  en 
attenuant  de  ce  fait  les  contraintes  chermiques*  La  difficult^  reside  dans  la  realisation  de 
films  donnant  un  ecoulement  d'air  homogene  et  qui  ne  se  deferment  pas  dans  les  zones  de  gradients 
thermiques  eleves  dus  aux  sillages  chauds* 

Des  chemises  en  materiau  sandwich  a I'interieur  duquel  I'air  servant  a former  le  film 
travaille  par  convection  forcee,  sont  susceptibles  de  donner  d'excellents  resultats*  Leur  prix  de 
revient  est  actuellement  un  obstacle  important  au  developpement  de  telles  formules.  L'uti lisation 
de  la  multiperforation,  soit  seule,  soit  en  complement  du  film  semble  dtre  une  technique  tres 
int^ressante  car  elle  reduit  considerablement  les  gradients  thermiques* 

3 * METHODES  DE  DIMENSIONNEMENT  DES  FILMS  CTA:>SIQUES  ET  A MULTIPERFORATION 
3*1*  Cas  du  film  parietal  classique 

On  se  r^f^rera,  pour  la  formulation  du  probleme,  aux  notations  d6finies  sur  la  figure  5* 
Consld4rons  done  un  Element  de  paroi  refroidi  par  film  d'air,  de  longueur  dx,  d'epaisseur  ^ 
et  de  largeur  unite*  On  supposera  que  les  phenomdnes  aerodynamiques  et  thermiques  mis  en  jeu  sont 
permanents  et  bidimensionnels , ce  qui  revient  a supposer  neglioeables  les  flux  de  chaleur  selon  Oz. 
Pour  I'^l^ment  de  paroi  en  question,  de  volume  <f  .dx,  suppose  en  6quilibre  thermique,  le  bilan 
de  chaleur  s'ecrit  : 

< A Q vx  + ^ Qxc  + iQet  =0 


>'  > I M 
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Dans  cette  expression  figurent,  en  plus  des  flux  convectes  et  rayonnes,  les  flux  dQ^  et  dQ^ 
conduits  a travers  les  frontieres  amont  et  aval  de  I'element  considere*  Le  flux  thermique  conduit 
entre  les  faces  interne  et  externe  de  la  parol*  au  point  d'abscisse  x,  s'exprime  quant  a lui 
par  : 

(2)  ^ conci  ^ i. e =■  _ Tp^  J 

O 

Pour  estimer  le  flux  de  claleur  rayonne  par  les  gaz  chauds*  nous  avons  ete  amenes,  afin  de 
tenir  compte  de  1 'heterogenelte  des  zones  fortenent  reactionnelles*  a definir  une  temperature  de 
rayonnement  T^.  qui  peut  &tre  superieure  a la  temperature  de  convection  interne 

Avec  ces  notations,  nous  pouvons  ecrire  a partir  des  lois  de  Stefan  Boltzmann  pour  le 
rayonnement  : 

(3)  dQ-Li  = 0's  ( ) cLac 

Cette  formulation  simplifiee  du  probleme  complexe  que  posent  les  echanges  radiatifs  a I'inte* 
rieur  de  la  masse  gazeuse  et  avec  les  parols,  exige  la  connaissance  des  facteurs  d' emission  et 
d ’ absorption • 


Pour  le  premier,  e^,  nous  avons  utilise  1 'expression  proposes  par  Reeves  [2j  , qui  traite 

1 'emission  totale  de  la  flamme  comme  cells  des  constituents  gazeux  (essentiellement  CO  et  H^O) 
en  lui  affectant  un  facteur  de  luroinosite  L pour  tenir  compte  de  la  presence  de  particules  de 
Carbone,  non  negligeable  pour  les  carburants  d'aviation  : 


ep  = 1 - eocp  (-2.86.A0*  PL  Tp  ) 


on  en  deduit  le  coefficient  d' absorption  Op  par  la  formula  suivante  [ij  : 


(5) 


en  limitant  toutefois  la  valeur  de  a„  a 1 dans  les  cas  ou  un  gros  ecart  entre  T_  et  T , conduirait 
; , , . F F pi 

a une  valeur  superieure* 

D'autre  part  le  rayonnement  de  la  face  externe  de  la  parol  sur  les  carters,  dans  I'hypothese  ou 


T , = T , s'exprime  par 

carter  e 


(6) 


cLQei.  = 0's  e.ff  dx 


ou  I'emissivite  effective  de  la  parol  de  chambre  qui,  dans  le  cas  d'une  geometric  annu- 

laire,  s'exprime  en  fonction  des  emissivites  de  la  paroi  et  du  carter  par  : 

(7)  


1 f J_  _ 1 ) _ /_L_  _ 1 \ 

'®P  ' 0 carl'  \e  cart  / 

Pour  evaluer  le  flux  echange  par  convection  sur  la  face  externe  de  la  paroi,  nous  avons  mis 
a profit  une  visualisation  de  I'ecouleroent  dans  cette  zone  montrant  le  developpement  d'une  couche 
limite  turbulente  a partir  du  point  d'arrdt  A*  Dans  ces  conditions,  naturellement  sch^matiques 
le  coefficient  de  transfert  de  chaleur  peut  s' ecrire  selon  la  formulation  de  COLBURN  pour  une  plaque 
plane  : 


(8) 


Re 


0.8 

ot. 


0.3i 


X.  = 0.02.4- 

les  grandeurs  caracteristiques  (Re,  Pr)  etant  ^valuees  a une  temperature  T*  definie  par  ^3^ 


(9) 


T*=  0.5  (Tpe  — 


Le  coefficient  d'echange  de  chaleur  convectif  dans  le  film  (c8t6  gaz  de  combustion)  est 
defini  par  analogic  avec  une  couche  limite  classique  a partir  de  la  notion  de  temperature  adiaba- 
tique  de  paroi  selon 

(10) 

Cette  temperature  adiabatique  est  localement  accessible  par  la  mesure  de  I'efficacite 
adiabatique 


lu-t  — . ^ 

( T ad  — Tui)  d-OC 


(11) 


^ ad.  — 


To  — TacL 
Tg  — Te 


qui  est  connue  si  on  fait  1 'analogic  entre  les  profils  de  temperature  et  de  concentration  dans  la 
couche  de  melange.  Pour  caracteriser  I'^volution  de  I'efficacite  adiabatique,  on  fait  trAs  souvent 
appel  a un  parametre  adimensionnel  X introduit  de  la  fa^on  suivante  : 

le  melange  entre  les  films  et  les  gaz  chauds  est  essentiellement  lie  A la  grandeur  de  la  fluctua- 
tion turbulente  de  vitessc.  V de  ces  derniers.  On  peut  ecrire  que  le  debit  des  gaz  chauds  penetrant 
dans  le  film  est  proportionnel  A (PV')  , done  A (pV)  dx  si  I'on  suppose  la  turbulence  isotrope, 

/v»\  \ Q ' g 

e'est-A-dire  Itt“|  ■ cte. 

Iv  /g 


■■III-  I I 
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2>i  l*on  rapporte  ce  debit  ^ celui  du  filn,  on  pourra  d4finir  le  tense  differential 


qui  s'integre  en  (12) 


dX  = (pv)q  doc. 

(ev)f 


x = 


(pv) 


9-  ^ 


(pvy.  fo 


_ PC 

•m.  Jb 


Pour  pouvoir  r^soudre  nuii6riquement  1 'equation  (1)  noua  avons  recherche  une  expression  litte- 
rale  de  . faisant  intervenir  X • Diverses  correlations  sont  proposees  par  la  litterature. 

Elies  sont  genei aleoient  empiriques  et  etablies  pour  des  films  ayant  un  fonctionnement  aerodynamique 
peu  different  de  la  fente  pure# 

Une  revue  de  ces  principales  correlations  a ete  presentee  par  M.A.  Paradis  • Les  premiers 

travaux  presentaient  fonction  du  seul  parametre  X,  mais  etaient  d'une  application  restreinte 

au  domaine  de  temperature  et  pression  concerne*  Par  la  suite,  le  nombre  de  Reynolds  de  la  fente  et 
le  niveau  relatif  de  temperature  du  film  et  de  I'Acoulement  principal  ont  ete  pris  en  compte. 
L'expression  de  9 ^ presentee  par  la  relation  (13)  a ete  proposes  par  KUTATELADZE  et  LEONT'EV  L^J • 
Nous  1 'avons  adoptee  pour  notre  calcul  de  temperature  de  parois,  car  elle  recoupait  de  fagon 
corrects  nos  mesures  d'efficacite  : on  constate  en  effet  sur  la  figure  11,  ou  X est  le  parametre 
de  representation,  un  bon  accord  entre  cette  formule  gAnerale  et  nos  essais  effectues  dans  des 
conditions  bien  determinees.  ^ ^ 

'nad=  ( 1 p*)"  ■ 


(13) 


Pour  en  revenir  au  calcul  de  la  convection  interne,  nous  avons  tente  de  tenir  compte  de  la 
non  adiabaticite  de  la  paroi  en  remplagant  Qui  ne  decrivait  que  le  phenomene  de  melange,  par 

qui  integre  les  echanges  de  la  paroi  avec  les  gazs  Avec  ces  hypotheses,  on  peut  evaluer  la 
convection  interne  par  une  expression  du  type  de  celle  de  COLBURN  : 


(14) 


-t.  X.  _ 

~^:r~ 


0.03Z  Rex’* 


Pi 


O.JJ 


les  divers  parametres  etant  evaiues  a la  temperature 


(15) 


T"*"  = 0.  5 ( Tcf^f  + T p*  ) 


3«2.  Cas  de  la  multiperforation 

Le  cas  de  la  multiperforation  est  traite  de  fagon  identique.  Les  mesures  de  temperature 
effectuees  ont  montre  la  validite  de  I'hypothese  de  la  formation  d'un  film  d'air  perpetuel lement 
regenere  a la  paroi*  Les  parametres  necessaires  a 1* evaluation  de  I'efficacite  adiabatique  de  ce 
film  sont  d,  p,  m,  S*  Les  divers  resultats  obtenus  sur  plaques  multiperforees  ont  ete  correies 
par  l'expression  (l6)  introduite  en  [6j  et  utilisee  par  MAYLE  et  CAMARATA  [5]  : 


(16) 


La  methode  des  traceurs  exposes  au  paragraphs  4 est  mal  adaptee  a la  mesure  des  efficacites 
adiabatiques  en  multiperforation*  En  fait  seules  les  mesures  de  temperature  de  paroi  permettent 
actuellement  «d'acceder  a ce  parametre*  Dans  le  cas  de  la  multiperforation,  au  bilan  thermique 
ecrit  en  (1),  il  faut  adjoindre  I'echange  thermique  convectif  dans  I'epaisseur  de  la  tdle  qui, 
pour  un  orifice  s'exprime  par  : 


(17) 


(18) 


dQ 


perc 


= rr  d cf 


perc  (V 


-Te) 


Tpm  =•  0-5  ( Tpc+Tpe  ) 

perc.  R-®-  perc.  Pq, 


0.k 


en  regime  etabli  K = 0.023  aelon  [3]  mais  compte  tenu  des  faibles  S/d  des  orifices,  K = f[Re,  ^/d] , 
selon[9]  et[l0], 

3«3*  oeroulement  du  calcul 

La  methods  numerique  employee  resoud  pas  par  pas  1 'equation  (1)  par  tranches  de  longueur  dx 

La  conduction  longitudinals  est  prise 

n«  est 

negligeable  pour  tout  x entre  deux  traitements  successifs* 


en  negligeant  dans  un  premier  temps  les  terraes  dQ^  et  dQ^ 
en  compte  au  cours  des  traitements  suivants*  La  convergence  est  obtenue  lorsque  le  dT 


pi 


Par  alileurs,  les  termes  dQ  et  dQ^  sont  negliges  dans  le  cas  de  la  multiperforation,  ou  ils  sont 
(sauf  A 1 'origins  de  la  zone  multiperforee)  faibles  par  rapport  au  terme  oxprime  en  (l?)* 

11  faut  noter  que  la  tridiraensionnalite  de  I'ecoulement  n'a  pas  ete  envisagie  T 1 ' interaction  des 
Jets  issus  des  orifi^.es  equipant  les  tubes  A flamme,  avec  les  films  pariAtaux  ou  les  eiAments  de 
parois  multiperforAes  n'est  pas  prise  en  compte  dans  le  schAma  AtudiA* 


• - - -iKv  Sir 
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Certains  parametres  sont  encore  connus  avec  peu  de  precision  : telles  les  valeurs  exactes 
du  coefficient  de  luminosite  L,  intervenant  dans  (5)*  II  est  fonction  du  type  de  kerosene,  du 
mode  d'injection  du  carburant,  et  evolutif  le  long  de  l*axe  de  la  chambre  (de  2*4  en  zone  prinaire 
a 1 en  zone  de  dilution)*  II  faut  aussi  noter  que  les  differentes  expressions  du  coefficient  de 
transfert  de  chaleur  utilisees  pour  la  resolution  numerique  peuvent  dtre  insuf f isantes  dans  cer* 
tains  cas  particuliers , notaroment  dans  le  cas  de  la  multiperforation,  ou  I'effet  d ' entonnement  de 
I'air  dans  les  orifices  peut  se  traduire  par  une  augmentation  des  echanges  thermiques  au  voisinage 
de  la  paroi,  cdte  externe*  Ou  cote  interne,  le  processus  d*echange  convectif  reste  lui  aussi  assez 
mal  connu.  De  m^me,  dans  les  orifices,  nous  avons  essaye  de  prendre  en  compte  I'effet  • non- 
etablissement  des  couches  limites  sur  les  echanges  de  chaleur  par  une  correction  preconisee  par 
Mac  Adams  [3]  d'apres  les  travaux  de  Latzko*  La  correction  proposee  par  Ermolin  [lOj  est  plus 
importante  et  sans  doute  plus  realists. 

Quant  au  film  parietal,  la  presence  de  carburant  liquide  pres  de  la  paroi,  dans  certaines 
conditions  de  fonctionnement , permet  le  developpement  d'une  combustion  dans  la  zone  de  melange, 
rendant  hasardeuse  1 'estimation  des  echanges  dans  cette  zone* 


4* 

4.1*  Introduction 

L'ecoulement  dans  les  chambres  de  combustion  et  de  rechauffe  etant  generalement  tres  heterogene 
et  turbulent  (orifices  sur  les  parois  servant  a creer  des  recirculations  ou  une  dilution,  sillages, 
etc..*)  il  est  apparu  necessaire  d'essayer  les  differents  types  de  refroidissement  dans  des  instal- 
lations d'essais  partiels,  garantissant  une  bonne  fidelite  dans  les  comparaisons,  et  une  mise  en 
oeuvre  rapide  et  peu  coOteuse,  les  recoupements  devant  cependant  6tre  faits  sur  chambres  completes 
au  banc  d'essai  partial  ou  sur  moteur* 


MOYENS  D'ESSAIS  DE  CARACTERISATION  DES  TECHNIQUES  DE  REFROIDISSEMENT 


4.2*  Methods  utilises  pour  comparer  les  differents  types  de  refroidissement 


Dans  le  cas  d'un  refroidissement  par  film  d'air  parietal,  l'ecoulement  de  gaz  chauds  est  genere 
par  une  chambre  de  combustion  disposes  de  faqon  a obtenir  une  tres  grande  homogeneite  des  tempera- 
tures, car  le  CO^  qu'il  contient  va  servir  de  traceur*  A partir  du  moment  ou  1 'homogeneite  est 
suffisante,  on  injecte  de  I'air  de  refroidissement*  Au  lieu  de  mesurer  la  temperature  de  paroi,  ce 
qui  suppose  une  paroi  parfaitement  isolee  thermiquement , et  beaucoup  de  soin  dans  la  mesure  des 
temperatures,  on  mesure  le  degre  d'avancement  du  melange  en  utilisant  le  CO^  comme  traceur.  Aucune 
isolation  thermique  de  la  paroi  n'est  necessaire*  Les  thermocouples  sont  remplaces  par  les  prises 
de  gaz  en  statique  et  les  echantillons  ainsi  pr6leves  sont  analyses  dans  un  analyseur  classique 
COg.  Le  prelevement  des  gaz  est  fait  tres  lentement  de  fa^on  a avoir  une  valeur  moyenne  du  CO  a 
une  tres  faible  distance  de  la  paroi* 


A la  distance  x mesuree  depuis  la  sortie  du  film,  I'efficacite  adiabatique  que  I'on  mesure 


act 


_ C C02  inihal  — Cc,o2l  (-x)  _ Tfl  — T adL 


C co^  tVt'Hal 


Tg-Te 


L' approximation  est  valable  si  I'on  peut  assimiler  les  profils  de  concentrations  aux  profils 
de  temperature,  c'est-a-dire,  si  le  nombre  de  LEWIS  est  egal  a 1*  Or,  pour  I'air  Le  1* 

Cette  methode  presente  I'avantage  sur  la  raethode  directs  par  temperature  de  dissocier  les  pheno- 
menes  de  rayonnement  et  de  convection*  Ce  type  d ' installation  est  represente  sur  la  figure  6* 

Dans  le  cas  de  la  rechauffe,  on  a voulu  juger  le  comportement  du  film  attaque  par  un  front  de 
flamme  a haute  temperature,  les  gaz  etant  en  cours  de  reaction*  Le  CO  ne  pouvant  plus  servir 
de  traceur,  on  peut,  soit  utiliser  un  traceur  tel  que  I'Heiium  injecte  de  fagon  homogene  dans  le 
circuit  de  refroidissement,  soit  comparer  les  temperatures  reelles  des  tdles  en  utilisant  des 
peintures  thermosensibles  a virages  multiples*  Cette  derniere  methode  bien  qu'assez  imprecise 
permet  cependant  une  comparaison  simple  et  rapide  de  diverses  configurations*  Cette  technique  est 
utilises  en  particulier  pour  le  refroidissement  par  multiperforation*  Le  schema  de  cette  instal- 
lation est  presents  figure  7* 


4*3*  Installations  d'essais 

Le  schema  de  la  figure  6 represents  une  veins  d'essai  bidimensionnelle  a paroi  circulaire  ; 
une  deuxieme  installation,  tout  a fait  analogue  dans  son  principe,  a egalement  6te  utilisee 
permettant  d'essayer  des  parois  planes* 

Les  soh^mss  de  la  figure  8 montrent  quelques  uns  des  types  de  films  qui  ont  et6  essayes  dans 
ces  installations*  Ils  sont  d4crits  au  § 3-1* 

Un  ecoulement  externe  peut  btre  realise,  il  est  n4ce8saire  pour  certains  films,  compte  tenu 
de  la  position  de  leurs  orifices  d'alimentation*  Le  banc  k paroi  circulaire  conduit  A une  instal- 
lation plus  homogAne,  ne  posant  pas  de  problAme  d'AtanchAitA  ; de  plus,  il  n'y  a pas  d'effet  de 
paroi  parasite*  La  realisation  du  film  a essayer  est  cependant  nettement  plus  coQteuse* 

Dans  les  essais  effectuAs,  les  conditions  d'Acoulement  du  flux  chaud  ont  AtA  les  suivantes  : 
P « 1.2  bar 

t - 500®C 

0 — 1 ml  «•  1 

■ 33  e-s  (parfois  IO6  m*s  et  260  m.s  ) 

Les  conditions  d'alimentation  du  film  ont  variA  par  1 ' intermAdiaire  de  la  perte  de  charge  crAAe 
A travers  le  film  ( A P/P). 
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Lea  ordrea  de  grandeur  dea  paran^trea  que  I'on  a fait  varier  aont  lea  auivanta  : 

AP/P  de  2 a 8%  (et  juaqu*a  l6%  quand  V a 260  m.a**^) 

g 

a de  2*8  a 8*5  mn 

X de  0 a 200  nm 

Le  8ch6ma  de  la  figure  7 repreaente  une  inatallation  pour  1 'etude  du  refroidiaaeoent  dea 
cheniaea  de  rechauffe  dana  laquelle  on  a cr6e  un  aillage  chaud  local  a I'aide  d'un  atabiliaateur 
de  rechauffe*  La  veine  d'eaaai  eat  de  aection  rectangulaire  aaia  le  diapoaitif  a etudier  eat 
implante  auruoe  t8le  ayant  une  courbure  pour  aa^liorer  le  conporteaent  mecanique  coapte  tenu  dea 
gradienta  de  teaperature  elevea*  La  teaperature  de  rechauffe  au  voiainage  de  la  paroi  a proteger 
eat  de  1300^0  environ*  La  coabuation  ae  continu^  tout^le  long  de  la  plaque*  Le  debit  apecifique 
dea  gaz  chauda  eat  conatant  : (pV)  a 85  kg*a  .a  . Le  parametre  viteaae  n'eat  pas  d'un  acces 
aiae  conpte  tenu  de  1 ' evolution  ae  !a  conbuation*  Le  refroidiaaeoent  externe  par  convection  peut 
8tre  regie  a la  valeur  voulue  ainai  que  la  perte  de  charge  a travers  le  film  ou  la  multiperfo- 
ration* 

Le  schema  de  la  figure  9 montre  lea  temperatures  dea  paroia  atteintes  aur  une  plaque  easayee 

en  n'utiliaant  que  le  refroidisaement  par  convection  forcee  externe  (simulation  de  I'ecoulement 

entre  chemiae  et  canal)*  Cea  installations  d'eaaais  permettent  evidemment  la  meaure  du  coefficient 
de  debit  global  du  film  ou  de  la  multiperforation  ainai  que  le  calcul  de  tous  lea  parametres  aero- 
thermodynamiques  moyens  de  I'ecoulement* 

5.  TECHNIQUES  ETUDIEES  ET  RESULTATS 

5*1*  Choix  d'une  technique  et  principaux  types  de  films  eaaayea 

On  a vu  au  paragraphs  2-1  que  I'ingenieur  qui  fait  le  choix  et  le  dimensionnement  d'un  type 
de  film  de  refroidisaement  parietal  doit  : 

- chercher  a creer  un  ecoulement  homogene  le  long  de  la  paroi  a proteger. 

- a'assurer  que  le  melange  se  fera  le  plus  lentement  possible  avec  lea  gaz  chauds  (problems  de 

melange  turbulent)*  II  doit  de  plus  faire  en  sorte  que  cea  caracteristiques  ne  soient  pas  degra- 

dees  par  dea  deformations  en  fonctionnement  (contraintea  mecaniquesy  dilatations  ou  gradients 
thermiquea  locaux). 

Get  element  participe  ausai  a la  tenue  mecanique  du  tube  a flamme  soumis  a d ' importantes 
contraintea  statiques  et  vibratoires*  La  fente  pure,  representee  sur  le  schema  1 (fig*  8)  serait 
a priori  la  solution  ideale  du  point  de  vue  homogeneite,  mais  elle  n'est  malheureusement  pas 
realisable*  M8me  lea  esaais  au  banc  partial  sur  une  parol  plane  n'ont  pas  ete  satisfaisants  par 
suite  de  variation  de  la  hauteur  de  la  fente  s*  On  eat  done,  en  general  conduit  a calibrer 
I'entree  du  film  par  dea  orifices,  la  hauteur  de  fente  etant  choisie  si  I'echelle  le  permet  pour 
creer  I'ecoulement  optimal,  compte  tenu  dea  caracteristiques  des  gaz  chauds*  L'homogenelte  du 
film  d'air  frais  dependra  en  definitive  de  la  disposition  des  orifices  et  de  la  longueur  de  la 
languette  ( contradictoire  avec  une  bonne  tenue  thermique)*  L'epaisseur  de  cette  derniere  o doit 
8tre  egalement  faible,  car  elle  genere  une  turbulence  parasite  par  effet  de  culot* 

Le  resultat  final  du  dimensionnement  sera  un  compromis  entre  la  tenue  thermique  et  I'homo- 
genelte  caracterisee  par  I'efficacite  adiabatique*  Les  premiers  films  qui  sont  apparus  sur  les 
chambres  ont  ete  realises  a partir  de  tblea  formees  par  emboutissage  et  assemblees  par  rivetage, 
brasage  ou  soudage*  Ce  type  de  technologie  est  repreaente  sur  les  schemas  4,  5,  6 (fig*8)*  Dans 
certains  caa  1' effet  de  refroidisaement  par  impact  de  I'air  du  film  sur  la  languette  a ete 
recherche • 

La  disposition  6 (fig*8)  a deux  rangeea  d'orificea  quinconcees  aur  une  paroi  inclinee 
( ^ 18^)  permet  d'engendrer  un  film  continu,  avec  une  languette  de  longueur  raisonnable*  Ce  type 
de  film  est  utilise  a la  S.N.E.C.M.A* 

Le  film  correspondent  au  schema  2 (fig*6)  k liaison  par  ondule  est  d'une  realisation  simple, 
maia  d'un  emploi  peu  aouple  car  il  ne  permet  paa  d'agir  separement  sur  les  parametres  debit  et 
viteaae • 

La  tendance  actuelle  est  de  remplacer  les  films  realises  en  tdle  par  des  films  usines  dans 
la  maaae*  En  effet,  des  pincementa  de  la  languette  peuvent  se  produire  localement  malgre  certains 
perfectionnementa  tela  que  dea  ponteta  entre  languette  et  paroi*  Les  films  usines  deviennent  de 
plus  en  plus  n^ceasairea  par  suite  de  1 ' augmentation  des  niveaux  de  pressiona  et  de  temperatures 
dans  les  chambres*  Leaachemas  7f  8,  9,  10  (fig*8)  donnent  quatre  exemples  d'une  telle  conception* 
II  a 6t6  n^ceaaaire  de  proceder  a de  nombreux  esaaia  pour  definir  dea  technologies  susceptibles 
de  donner  un  4coulement  homogdne*  Pour  un  film  tel  que  celui  schema  10  (fig*8)  (double  elargis- 
aement),  lea  parametres  g4om4trique8  sur  leaquels  on  peut  jouer  sont  nombreux*  La  realisation  de 
tela  types  de  films  reste  d'un  prix  plus  eleve  que  celle  dea  films  en  tdle* 

Le  schema  3 (fig*8)  montre  un  film  conatitue  en  mat4riau  sandwich,  l'4couIement  de  I'air 
g4n4rateur  ae  faiaant  dana  lea  canaux*  On  a vu  dans  le  paragraphe  2*1  que  cette  conception  permet 
d'allier  un  effet  de  convection  interne  au  mat4riau  a I'effet  de  film*  Le  calibrage  du  d4bit  peut 
se  faire  par  example  par  4craaement  des  canaux  au  niveau  de  1 'alimentation  (8Ch4ma  fig*  l4) * Cette 
technologie  est  actuellement  r4ali8able  maia  trda  coQteuae,  un  gain  de  poids  peut  cependant  4tre 
obtenu*  L'exp4rience  de  cette  technologie  est  encore  limit4e  (tenue  aux  vibrations  par  exemple)* 
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5.2,  Principaux  reaultats  obtenus  par  la  nesure  de  l*efficacit6  adiabatique 

Les  efficacitSs  adiabatiques  ^ sont  portees  en  fonction  de  X (voir  paragraphe  3*1)* 

Fente  pure  et  mat^riau  aandwich 

Lea  eaaaia  avec  fente  pure  n*ayant  pas  donne  de  reaultats  coherents  par  suite  de  variation 
de  la  hauteur  de  la  fente  s,  nous  avons  jug6  preferable  de  prendre  comae  reference  un  film  const!- 
tue  en  materiau  sandwich  (schema  3 fig*  6)  realise  en  tdles  tres  fines.  La  figure  10  presente 

(P  V)  f 

1 * inf luence  du  taux  de  soufflage  m a pour  3 vitesses  des  gaz  chauda  : 35 1 108  et 

• 1 ( \ ' 9 

260  m*s  • On  voit  que  pour  le  domaine  d'utilisation  des  films  dans  les  chambres  de  foyers  princi- 
paux ( X C 20)  les  efficacites  sont  tres  eievees.  Dans  le  cas  de  la  rechauffe,  la  valeur  maximale 
de  X est  plus  eievee  (s  est  bornee  inferieurement  par  la  technologie  et  superieurement  par  le 
debit  disponible),  l*efficacite  peut  atteitidre  des  valeurs  assez  basses  en  fin  de  virole  mftme  avec 
ce  film  tres  homogene.  On  notera  que  I'optimum  d'efficacite  se  trouve  realise  pour  ra^  1. 

Comparaison  des  differents  types  de  film 

La  figure  11  presente  plusieurs  types  de  films  essayes  dans  les  raemes  conditions  experimen- 
tales.  Cette  planche  ne  pretend  pas  presenter  que  des  films  optimises  dans  chaque  technologie, 
elle  a pour  but  de  montrer  les  ecarrs  que  I'on  peut  obterir  entre  films.  Les  numeros  de  la  figure 
renvoient  aux  schemas  de  la  figure  8.  Les  films  en  tdle  sont  generalement  assez  bons,le  film  usine 
a double  eiargissement  (repere  10)  utilise  a la  S.N.E.C.N.A.  a fait  I'objet  d*une  optimisation 
geometrique  poussee.  La  figure  12  montre  a titre  d'exemple  pour  ce  film,  la  dispersion  des  resul- 
tats  d'essais  lorsque  I'on  a fait  varier  la  hauteur  de  fente  de  3 a 8,5  mm  a perte  de  charge 
donnee  et  geometrie  optimisee.  Le  bon  coraportement  mecanique  et  therraique  de  ce  film  a ete  par 
ailleurs  verifie  sur  moteur. 

5*3*  Reaultats  obtenus  sur  un  banc  simulant  un  foyer  de  rechauffe 

Essais  de  divers  types  de  films  avec  peinture  thermosensible 

La  figure  13  presente  a titre  d'exemple  une  plaque  equipee  d'un  film  a simple  eiargisse- 
ilent  muni  de  deux  rangees  d'orifices  quinconcees  (fig.  8 schema  6).  La  courbe  presente  le  recoupe- 
ment  entre  les  valeurs  mesurees  et  calcuiees.  Ce  film  de  conception  et  de  realisation  simple  se 
comporte  dans  ces  conditions  de  fagon  satisfaisante . Les  hypotheses  faites  pour  le  calcul  semblent 
suffisamment  precises  pour  permettre  une  prevision  coirecte  des  temperatures  de  paroi. 

Des  plaques  planes  munies  de  materiau  sandwich  ont  egalement  ete  essayees.  Un  programme  de 
calcul  d'echanges  thermiques  dans  les  matcriaux  a multicanaux  a ete  employe  pour  prevoir  les 
temperatures  de  paroi.  Les  repartitions  de  temperature  presentees  (fig.  l4)  concernent  une  plaque 
en  materiau  de  ce  type  sans  film  d'air  entre  gaz  chauds  et  paroi  et  une  convection  externe  tree 
faible.  Les  calculs  effectues  sont  compatibles  avec  I'essai.  II  est  a souligner  que  la  temperature 
de  la  plaque  est  en  tout  point  inferieure  a 45Q^C.  Dans  les  memes  conditions  experimentales , une 
plaque  refroidie  par  convection  s'equilibre  a 880^C. 

La  repartition  des  flux  de  I'ecoulement  du  materiau  sandwich  repere  sur  la  coupe  C(fig.i4) 
est  presentee  ci-dessous  en  pourcentage  du  flux  fourni  cdte  gaz  chauds. 

Flux  froid 


Qc  « 58^ 


Flux  chaud 


Le  gain  de  400®K  obtenu  (par  rapport  a une  plaque  pleine  refroidie  par  convection  externe) 
est  superieur  a ce  que  pourrait  permettre  une  technique  de  film  parietal  classique  dans  les  m^mes 
conditions . 

Essais  de  tdles  multiperforees 

II  s'agit  de  tdles  perforees  d'une  multitude  de  petits  trous  disposes  dans  le  cas  de  nos 
essais,  en  rangees  de  maniere  a former  des  triangles  6quilat6raux.  On  a fait  varier  les  diametres 
des  orifices  de  d ■ 0.3  a 1.4  mm  et  les  permeabi lites  0"  de  0.5  a 5.7%. 

(T'  rapport  de  la  section  totale  des  orifices  a la  surface  de  tdle  interessee  par  la  multi- 
perforation s' exprime  par  : 


p est  le  pas  ; c'est-a-dire  la  distance  entre  deux  orifices. 

L'objectif  est  de  repartir  regulierement  I'air  utilise  auparavant  dans  les  films  de  fagon  discon- 
tinue, le  ref roidi ssement  de  la  tdle  se  fait  alors  d'une  part  par  convection  dans  I'^paisseur  de 
la  tdle,  d' autre  part  par  effet  de  film  le  long  de  la  paroi. 
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Nous  presenterons  ici  quelques  uns  des  resultats  obtenua,  la  coraparaison  des  diff^rentes 
configurations  essayees  ae  faisant  a m^ne  d4bit  de  refroidissenent#  L' ecoulenent  externe  corres- 
pondant  a celui  entre  parol  du  foyer  et  carter  a egalenent  4te  sinuie* 


Influence  du  diametre  de  pergage  des  orifices  a permeabi lite  (T*  donnee  et  debit  constant  a 
travers  les  trous  (perqage  normal  a la  tdle  d'epaisseur  1*2  mm) 

Sur  la  figure  15  correspondent  a une  permeabilite  0^  s 1 on  constate  que  le  refroidis- 
sement  est  d'autant  plus  efficace  que  le  diametre  et  le  pas  des  orifices  sont  faibles*  C'est  dans 
ce  cas  que  I'on  a la  plus  grande  surface  de  contact  avec  I'air  frais  a travers  la  plaque,  la 
Vitesse  dans  les  trous  etant  sensiblement  constante.  La  mdme  experience  a ete  faite  pour  une 
permeabilite  (J^  a 3%  correspondent  a d a 0.3t  0.52,  0*73  oim  pour  des  pas  respectifs  de  l*65f 
2.85,  4 mm.  Les  resultats  thermiques  sont  tres  voisins  pour  ces  trois  configurations  ainsi  que 
les  coefficients  de  debit. 

Influence  du  pas  des  orifices  de  diametre  d a 0,3  mm  (pergage  normal  a la  tdle) 

La  figure  I6  presente  1* evolution  du  coefficient  de  debit  qui  passe  par  un  optimum  vers 
a 1%  et  les  resultats  thermiques  qui  font  egalement  apparattre  un  optimum  vers  <r^  ala  1.5%» 
Le  meilleur  resultat  n'est  done  pas  obtenu  lorsque  la  surface  d*echange  avec  l*air  frais  i travers 
la  tdle  est  la  plus  grande.  Par  centre,  c'est  dans  ces  conditions  que  I'effet  de  film  est  le  plus 
important,  ce  que  I'on  constate  par  1 'observation  de  la  partie  aval  non  perforce  de  la  plaque 
d'essai.  La  vitesse  de  I'air  frais  dans  les  orifices  varie  de  faqon  inversement  proportionnelle 
a la  surface  mouillee  comme  le  montrent  les  raesures  de  perte  de  charge.  Ce  resultat  inexplique  par 
notre  calcul  merite  cependant  une  reserve  : le  niveau  de  pression  de  I'air  qui  alimente  les 
orifices  evolue  legereraent  tout  au  long  de  la  plaque  ce  qui,  aux  fortes  permeabi lites  (faibles  AP) 
peut  se  traduire  par  une  heterogenelte  d ' alimentation  difficile  a prendre  en  compte. 


D'autres  parametres  ont  ete  etudies,  comme  par  exemple,  1 ' inclinaison  des  pergages  ( s 0 
trous  normaux,  30**  et  45**).  Ces  essais  ayant  ete  faits  a » 1%  et  d a 0.3  mm,  le  gain  probable- 
ment  faible  que  I'on  peut  escompter  de  ces  configurations  n'a  pas  pu  dtre  mis  en  evidence  sur 
cette  installation  d'essai. 

La  figure  17  concerne  les  resultats  obtenus  pour  trois  plaques  multiperforees  compares  aux 
temperatures  calculees.  Les  trois  plaques  ont  des  permeabilites  et  des  diametres  de  per9age  diffe- 
rents.  L' imprecision  due  a I'emploi  des  peintures  therraosensibles  limite  actuellement  1 'optimisa- 
tion de  la  roethode  de  calcul.  Ce  calcul  ne  permet  pour  le  moment  que  de  classer  les  differentes 
configurations . 

Ces  premiers  essays  montrent  bien  I'interdt  de  la  multiperforation  pour  le  ref roidissement  des 
parols,  un  effet  presque  instantane  peut  en  dtre  attendu  si  I'on  choisit  bien  la  configuration  de 
perqage  en  fonction  du  AP  disponible.  Des  applications  sur  moteur  ont  confirme  les  resultats 
obtenus  au  banc  partial.  Nous  avons  acquis  des  a present  une  certaine  connaissance  des  coefficients 
de  debit  necessaire  au  dimensionnement , mais  des  experiences  systematiques  devront  dtre  envisagees, 
si  on  veut  mieux  analyser,  dans  le  fonctlonnement  thermique,  la  part  due  a I'efficacite  du  film 
d'air  continuelleroent  regenere  le  long  de  la  paroi. 


5*4'.  Resultats  sur  chambre  complete  et  sur  canal  de  rechauffe 

Des  bancs  d'essais  pouvant  recevoir  des  chambres  completes  ou  des  secteurs  de  chambre  dans 
des  conditions  moteur  (jusqu'a  une  pression  de  25  bars  et  une  temperature  entrde  chambre  de  500^0 
ont  permis  la  validation  des  dispositifs  de  refroidissement  dans  des  conditions  de  fonctlonnement 
rdel les . 

La  figure  I8  presente  un  exemple  de  recoupement  entre  les  valeurs  des  temperatures  de  paroi 
prevues  par  le  calcul  et  les  valeurs  obtenues  par  peinture  thermosensible . II  s'agit  ici  d'une 
chambre  complete  et  le  film  concerne  est  un  film  massif  a double  eiargissement  (schema  10  fig«8). 
Cet  exemple  a ete  choisi  surtout  dans  le  but  de  montrer  les  influences  respectives  des  deux  prin- 
cipaux  parametres  de  1 ' ecoulereent , k savoir  : pression  et  temperature  e la  sortie  du  compresaeur, 
qui  sur  moteur  varient  correiati vement • Le  recoupement  entre  les  valeurs  mesurees  et  calcuiees 
est  satisfaisant,  1 'influence  preponderante  de  la  temperature  d'entree  chambre  Te  apparatt  sur 
cette  figure. 

Lea  differents  types  de  refroidissement  essayes  au  banc  partial  ont  pu  %tre  utilises  sur 
canal  de  rechauffe  moteur.  Les  resultats  obtenus  confirraent  ceux  du  banc  partial,  aussi  bien  en 
ce  qui  concerne  les  techniques  classiques  (film  parietal)  que  les  techniques  nouvelles  (multiper- 
foration, materiau  sandwich). 

6.  CONCLUSION 

On  a vu  que  1 'evolution  du  cycle  thermodynamique  des  turboreacteurs  pose  des  probiemes  pour 
la  tenue  mecanique  et  thermique  des  parois  des  foyers.  Signalons  que  la  necessite  de  concevoir 
maintenant  des  chambres  peu  polluantes,  conduit  k modifier  lea  techniques  d' injection,  voire  m8me 
1 ' architecture  generals  du  foyer  (chambre  e deux  tfttes,  k deux  modules  •«.),  ce  qui  se  repercute 
le  plus  souvent  par  un  accroissement  des  surfaces.  Dans  cette  optique,  des  travaux  sont  en  cours. 


■*  I 
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Apres  une  optimisation  du  refroidisaement  par  film  pariAtal,  des  rAsultats  trds  int^ressants  ont 
ete  obtenus  arec  les  matAriaux  sandwich  et  la  multiperforation,  techniques  envisageables  grUce 
aux  progres  de  la  fabrication*  Des  Etudes  et  des  essais  seront  cependant  encore  n4cessaires  pour 
apprehender  avec  plus  d* exactitude  les  nombreux  paramdtres  intervenant  dans  les  calculs  thermiques* 
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DIFFERENTS  TYPES  DE  CHAMBRES 


CHAMBRE  A TUBES  MUtnPlES  CHMiBRE  TUBIMNNUIARE  CHAMBBE  ANNUIAIRE 

fi|.  1 


REFROIDISSEMENT  PAR  CONVECTION  REFROIDISSEMENT  PAR  FILMS 

,,  2 FORCEE  fj,  3 ET  CONVECTION  FORCEE 


PRINCIPE  DU  FILM  A RETOUR  EN  MATERIAU  SANDWICH 
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SCHEMA  D UN  BANC  D'ETUDE 
DU  REFRDISSEMENT  PARIETAL 

MESURE  DES  EFFICACITES  ADIABATIQUES 


PRISES  DE  GAZ 


SCHEMA  D UN  BANC  D'ETUDE 
DU  REFROIDISSEMENT  PARIETAL 


SIMULATION  DE  LA  RECHAUFFE 
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DIFFERENTS  TYPES  DE  FILMS  PARIETAUX 


, FILM  EN  MATERIAU  SANDWICH  3 

FILMS  CHAUDRONNES  (EN  TOLES  ASSEMBLEES) 
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PLAQUE  PLEINE  REFROIDIE  PAR  CONVECTION  PURE 


AIR  FROID  It  » 30*C1 


GAZ  CHAUDS  (t  > 1300*0^ 


(PV»,  « 112 

I pV),  * 86  kg.r’.m'® 

[ jt<482  m|808<t<780 

[][[]^482<t<B70 
I ] B70<t<808 


780  < t < 880 
860  < t<808 


EFFICACITE  ADIABATIQUE  DE  JETS  PARIETAUX 


RESULTATS  EXPERIMENTAUX  DU  FILM  A DOUBLE  EURGISSEMENT 

0.8 

0.8 

0.7 

fiR.  12 

^0  8 K)  18  20 


TYPE  10  (fig.  8) 


EVOLUTION  OES  TEMPERATURES 
SUR  PLAQUE  MUNIE  O'UN  FILM  TYPE  6 (fig  8) 

COURSE  PREVUE  PAR  LE  CALCUL  ^ ^ 

[ t < 482 

X / i— — I 

f I 482<t<570 

imi  606<4<760 
--  ^ 760<t<#B0 

ipvj! 

100  500  600  700  t ("C)  **  ' ^ ***^ 


REPARTITION  OE  TEMPERATURES 
OANS  UN  ELEMENT  OE  PAROI  EN  MATERIAU  SANDWICH 


(PV),=  86  kg.s-lm-? 
((V).=  14.2  kg.»-'.m-? 

dans  canaux=  144  kg.s-’.m*? 
du  sandwich 

T,=  310*K 
Tg=  1673*K 
Pg=  1.2  bar 


ECOULEMENT  EXTERNE 


^ECOULEMENT 
\HS  1£S  CANAUX 
lU  SAWDWICH./ 


ECOULEMENT 
^ INTERNE 
^ OE  GAZ  CHAUOS 


TEMPERATURES  EN  *K 


Tg  = 310 
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MULTIPERFORATION 


I I t<482*C 

{ 1 4«2*C<t<570*C 

PteM  570*C<t<606*C 
■■  606*C<t<780*C 


(PV), 


INFLUENCE  DU  DIAMETRE  DES  PERQAGES  ET  DU  PAS 
A PERMEABILITE  CONSTANTEOr  1% 


l.t 

1.4 

10.5 

13.3 

INFLUENCE  DE  LA  PERMEABILITE  ET  DU  PAS 
A DIAMETRE  DE  PERQAGE  CONSTANT  0.3  m 


fii.  n 


5- 


•T.'-V.'.'.'.SV.’.V.’.S' 

p (mm) 

7.6 

4.75 

1.65 

d (mm) 

■ 

.8 

■ 

.5 

^9 

O (%) 

1 

1 

(fV),^(lcg.r'.m-*) 

101  ±3 

101  ±3 

55  ±1 

" . 
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DISCUSSION 


O.K.Hennecke,  Gennany 

I would  like  to  caution  you  about  using  the  customary  way  of  employing  the  parameter  X = x/ms  for  the  compari- 
son of  the  film  cooling  effectiveness  of  configurations  such  as  you  have  shown.  Those  configurations  are  not  ideal 
slots  but  are  characterized  by  a large  number  of  hol^'  and  a lip.  Thus  the  various  configurations  have  different  flow 
areas,  discharge  coefficients,  etc.  It  has  been  our  experience  that  a comparison  solely  on  the  basis  of  x/ms  may  lead 
to  the  wrong  conclusions  as  to  the  most  effective  configurations.  One  should  rather  consider  the  pressure  drop  as 
well  since  that  is  a parameter  which  is  prescribed  in  the  design  of  a film  cooling  configuration  for  a combustor. 

Author’s  Reply 

La  comparison  des  efficacites  de  diffdrents  types  de  films  parietaux  ne  peut  effectivement  pas  se  faire  uniquement  en 
fonction  du  seul  paramStre  X . Tous  les  films  presentds  ont  en  fait  et6  essayes  pour  une  perte  de  charge  identique  de 
I’ordre  de  4%,  les  condition  d’ecoulement  du  flux  chaud  etant  inchang^es.  On  precisera  de  plus  que  les  taux  de 
soufflage  sont  peu  differents  (m  a vari€  de  1 a 2)  compte  tenu  des  hauteurs  de  fente  r6alis6es. 

La  planche  de  comparison  de  cet  expose  a surtout  pour  but  de  donner  des  ordres  de  grandeurs  des  ecarts  en  efficacite 
que  Ton  peut  rencontrer  entre  differentes  technologies,  car  comme  cela  a et6  precis^  dans  le  texte  ecrit,  ces  films  ne 
sont  peut-etre  pas  tous  parfaitement  optimises  du  point  de  vue  geometrique.  On  a voulu  attirer  I’attention  sur  le 
fait  qu’il  a etd  possible  de  r6aliser  des  films  “usings  dans  la  masse”  done  tres  fiables  qui  ont  de  tres  bonnes  efficacites. 


C.H.Priddin,  UK 

On  which  parts  of  a combustion  chamber  would  you  consider  using  a sandwich  material  for  cooling,  and  are  there 
any  regions  where  this  could  not  be  used? 

Author’s  Reply 

Par  suite  des  imperatifs  de  fabrication,  le  mat^riau  sandwich  s’applique  de  preference  pour  des  viroles  cylindriques 
ou  tronconiques.  Une  application  tres  int^ressante  qui  en  a 6te  faite,  est  la  chemise  de  protection  thermique  du 
canal  de  rdchauffe. 

En  ce  qui  concerne  la  chambre  principale,  certaines  regions  a forte  courbure  ne  pouvaient  pas  etre  traitees  de  cette 
fa90n.  11  reste  toujours  un  probl^me  delicat  a la  fonction  de  ce  materiau  avec  une  tole  classique.  Le  developpement 
de  ce  materiau  pour  cette  utilisation  est  actuellement  freine  pour  des  questions  de  prix  de  realisation. 
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PHiCTICAL  SOLUTIONS  TO  THE  COOLING  OP  COKBUSTORS  OPERATING 
AT  HIGH  TEMPERATURES 
by 

J Vinter  - Research  Manager 

H Todd  - Senior  Development  Engineer 

Lucas  Aerospace  Limited,  Fabrications  Division 
Lucas  Laboratories,  Burnley 
England 


SUMMARY 

Two  experimental  investigations  are  described,  both  having  demonstrated  Improved  flame  tube 
life  potential  for  small  gas  turbine  engine  applications  where  high  temperature  operating  conditions 
occurred. 


A small  annular  reverse  flow  combustion  chamber  has  been  evolved  which  utilises  an 
unconventionally  high  proportion  of  the  incoming  air  for  wall  film  cooling  purposes,  prior  to  some  of  these 
films  being  redirected  to  produce  the  required  combustor  flow  pattern.  The  concept  is  shown  to  minimise 
the  cooling  difficulties  encountered  on  conventional  small  annular  chambers  particularly  when  cperatlng 
at  elevated  turbine  entry  temperatures. 

The  hl^  combustor  air  inlet  temperatures  associated  with  regenerative  gas  turbine  engines 
pose  severe  metal  temperature  problems.  The  use  of  conventional  wall  film  cooling  techniques  promotes 
metal  temperature  gradients,  and  hence  stress  levels,  and  reduces  the  quantity  of  air  directly  available 
to  the  combustion  process.  The  development  of  a simplified  low  cost  combustor  employing  impingement 
cooling  techniques  is  described. 


1.  INTRODUCTION 


During  the  design  and  development  of  combustion  equipment  by  the  Lucas  Laboratories  at  Burnley 
for  aero,  industrial  and  vehicular  gas  turbine  engines,  certain  applications  have  created  special 
problems  in  the  achievement  of  acceptable  combustor  metal  temperatures.  These  have  usually  been  due 
either  to  unfavourable  combustor  geometry,  or  demanding  operating  conditions.  Two  examples  are 
described  in  which  different  methods  are  employed  to  reduce  such  problems. 

The  first  part  of  the  paper  describes  the  perfcrmanoe  of  a small  annular  reverse  flow  combustor 
which  utilises  an  unconventionally  higii  proportion  of  the  incoming  air  for  wall  film  cooling  pxirposes 
prior  to  the  redirection  of  some  of  the  cooling  air  for  combustion  and  mixing. 

The  second  part  describes  the  work  carried  out  on  a combustor  for  a vehicular  regenerative  gas 
turbine  engine  where  impingement  cooling  liners  were  employed  to  overcome  problems  of  hl^  metal 
temperatures  on  a low  cost  \mit. 

2.  SMALL  ANNUUR  REVERSE  FLOW  COMBUSTOR 

2.1 . Review  of  Problem 

One  of  the  design  problem  areas  associated  wi.th  small  annular  reverse  flow  combustion  chambers 
is  the  large  surface  to  volume  ratio.  This  means  that  when  using  conventional  cooling  techniques,  a 
significant  proportion  of  the  available  air  has  to  be  used  for  flame  tube  wall  cooling  purposes  e.g.  in 
the  case  of  the  standard  combustor  for  the  Rolls  Royce  Gemn-R  engine  approximately  55^  of  the  incoming  air 
is  tised  for  wall  cooling. 

Even  using  these  relatively  large  quantities  of  cooling  air,  the  flame  tube  wall  temperatures 
of  the  standard  Gem-2  although  acceptable  for  current  performance  requirements  are  such  as  to  make 
difficult  major  upratlng  of  the  system  using  the  same  design  concept.  Thus  either  more  efficient  wall 
cooling  techniques  must  be  employed  or  if  additional  air  is  used  to  reduce  wall  temperatures,  more 
effective  use  must  subsequently  be  made  of  this  air  in  the  combustion  process  after  it  has  completed  its 
initial  use  for  cooling  purposes.  The  evolution  of  a moans  of  achieving  this  latter  objective  is 
described. 


2.2,  Combustor  Design  Concent 

The  flame  tube  arrangement  is  shown  in  Figure  1 . The  evolutionary  flow  pattern  studies  were 
carried  out  using  Perspex  models,  employing  a water  analogy  flow  visualisation  technique.  The  primary  and 
seccndary  recirculations  were  generated  by  using  two  annular  baffles  to  deflect  the  air  flow  from  opposed 
cooling  devices,  the  air  flowing  over  each  baffle  face  serving  additionally  as  baffle  coolant.  To  allow 
controlled  efflux  from  the  recirculations  the  baffles  were  castellated  (2  rectangular  castellatlcns  per 
vaporiser)  with  flow  deflectors  fitted  below  the  oastellations  on  one  side  of  each  baffle. 

The  directions  of  rotation  of  the  recirculations  were  arranged  to  be  compatible  with  the  desired 
prlmary/seoondary  flow  distribution.  Since  the  secondary  zone  of  the  flame  tube  admitted  the  major  part 
of  the  combustion  air  flow,  the  secondary  recirculation  was  arranged  to  rotate  in  the  same  direction  as 
the  adjacent  air  annuli  flows  so  that  total  pressure  air  feeds  could  be  used.  Consequently  the  primary 
recirculation,  lAioh  rotated  in  the  opposite  direction,  was  generated  by  reverse  splash  cooling  air.  A 
sketch  of  the  flow  pattern  obtained  on  a flow  visualisation  rig  is  shown  in  Figure  1 . 
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The  chamber  vas  designed  for  an  overall  chamber  pressure  loss  of  2.5^  of  the  Inlet  total 

pressure. 


Fuel  injection  was  by  means  of  17  equlspaoed  vaporiser  tubes  of  the  type  shown  in  Figure  1 and 
similar  to  those  used  in  the  standard  Qeiiw2  combustor. 

The  single  torch  Igniter,  situated  in  the  outer  primary  zone  wall,  consisted  of  a hi^  energy 
spark  plxig  operating  from  a 12  Joule  supply  and  a 0.2  flow  number  fan  spray  fuel  injector.  The  torch  was 
only  in  operation  during  the  ignition  phase  of  each  test. 

2.3.  Combustion  Test  Eguiniaent 

2.3.1.  Test  rig 

A photograph  of  the  test  rig  arrangement  is  given  in  Figure  2.  The  test  facility  enabled 
preheated  unvltiated  air  to  be  supplied  at  pressures  up  to  a maximum  of  approximately  830  kPa. 

2.3.2.  Tnstiiimentation 

Exhaust  temperature  distributions  were  obtained  using  an  Instrument  fitted  with  eight  platinum  v 
platinum  - 13^  rhodium  thermocouples.  In  order  to  minimise  the  radiation  loss  from  the  thermocouples  to 
the  duct  walls,  double  walled  platinum  radiation  shields  siirrounded  each  thermocouple.  The  Instrument  was 
rotated  in  Increments  of  4'i'°  and  the  eight  exhaust  thermocouples  were  arranged  in  two  groups  of  four  such 
that  a complete  traverse  grid  of  80  x 4 points  could  be  covered  by  180°  rotation. 

The  traverse  Instrument  also  housed  exhaust  total  pressure  probes  and  a hot-water  (423K)  cooled 
exhaust  gas  sampler  which  required  360  rotation  of  the  instrument  to  obtain  full  traverses.  A photograph 
of  the  Instrument  is  shown  in  Figure  3. 

The  inlet  wall  static  pressure  and  inlet  temperature  were  measured  using  fixed  instrumentation, 
the  inlet  total  pressure  being  deduced  from  a calculated  value  of  inlet  kinetic  pressure  and  the  measured 
static  pressure. 

2.4.  Test  Conditions 


The  combustion  calibration  was  carried  out  at  two  conditions  relevant  to  the  Rolls  Royoe  Gem-2 
engine  plus  one  uprated  turbine  entry  condition  relevant  to  a future  small  engine  requirement.  Due  to 
rig  facility  limitations  ^he  true  engine  pressures  could  not  be  obtained  at  the  hi^ier  power  conditions 
and  these  tests  were  undertaken  at  scaled  pressure  conditions,  while  maintaining  the  correct  inlet 
temperature  and  reference  casing  Hach  No.  (i.e.  by  scaling  the  air  mass  flow). 

The  test  rig  operating  conditions  are  given  in  Table  I. 

TABLE  I 

RIG  TEST  CONDITIONS 

ENGINE  CONDITIONS  SHOWN  IN  PARENTHESIS 


Cruise 

Pressure 

Simulated 

Intermediate 

Contingency 

Rating 

Pressure 

Simulated 

Uprated 

Condition 

Air  Inlet  Pressure  kPa 

827 

827  (1200) 

827  (1320) 

Air  Inlet  Temperature  K 

580 

657 

674 

Air  Hass  Flow  kg/s 

2.3 

2.0  (2.9) 

2.0  (3.2) 

Air/Fuel  Ratio 

66.4 

51.8 

41.0 

Mean  Exhaust  Temperature  K 
(Assuming  100^  combustion 
efficiency) . 

1130 

1340 

1500 

All  tests  reported  used  keroslna  (Avtur)  fuel. 

2.3.  Combustor  Performance 

2.5.1.  Flame  tube  metal  temperatures 

Flame  tube  metal  temperatures  were  assessed  using  temperature  indicating  paint  at  the  above 
conditions  and  typical  results  for  the  experimental  combustor.  Illustrated  by  photographs,  are  shown  in 
Figure  4,  the  code  for  the  temperature  levels  corresponding  to  the  colour  changes  in  the  paint  being  given 
on  the  Figure. 


At  the  Cruise  conditions,  (not  Illustrated)  approximately  73^  of  the  flame  tube  surface  did  not 
exceed  78SE,  and  maximum  temperatures,  occurring  on  the  outer  primary  zone  wall  and  on  the  outer  dleoharge 
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bend,  were  below  1087K. 

At  the  simulated  Intermediate  Contln^ncy  Rating,  Figure  4a,  approzlmately  50^  of  the  flame  tube 
surface  did  not  exceed  a temperature  of  788E  whilst  peak  temperatures  on  the  outer  primary  wall  and  on  the 
outer  discharge  bend,  were  limited  to  1133K  or  below. 

Generally  speaking  the  levels  of  metal  temperature  for  the  experimental  chamber  showed  a 
significant  improvement  on  those  of  the  Gei^  combustor  and  also  the  temperature  gradients  were  lees  severe. 
For  example  data  from  a standard  Geiiw2  combustor  operating  at  the  simulated  Intermediate  Contingency  Rating 
indicate  that  approximately  l’3f>  of  the  flams  tube  area  Is  above  788E  with  local  hotter  patches  mainly  on 
the  Inner  primary  zone  wall. 

Thus  the  potential  for  upratlng  the  experimental  chamber  to  the  hie^r  Turbine  Entry  Temperature 
conditions  was  demonstrated. 

For  the  test  at  the  uprated  conditions.  Figure  4b,  approximately  35^  of  the  flame  tube  surface 
did  not  exceed  788K  wh:  1st  temperature  patches  in  excess  of  appeared  only  on  the  outer  discharge 

bend  and  In  small  localised  areas  on  the  outer  primary  wall.  Visual  and  dlmsnslonal  flame  tube  examinations 
showed  that,  following  tests  of  approximately  one  hour  duration  at  each  operating  condition,  the  flame  tube 
was  mechanically  soun<'  and  free  from  distortion;  furthermore  the  mechanical  baffles  and  the  vaporisers  were 
shown  to  be  satisfactorily  cooled. 


2.5.2.  RvbaiiHt.  temperature  distribution 


The  exhaust  temperature  distribution  can  be  defined  In  terms  of  the  O.T.D.F.  (Overall  Temperature 
Distribution  Factor)  and  the  R.T.D.P.  (Radial  Temperature  Distribution  Factor)  where: 


O.T.D.P.^ 


Peak  Exbaiiet  Temperature  — Mean  Exhaust  Temperature 
Mean  Temperature  Rise  Through  Combustor 


X 100 


R.T.D.F.jC 


Peak  Mean  Radial  Temperature  — Mean  Exhaust  Temnerature  ^ 
Kean  Temperature  Rise  Through  Combustor 


Figure  5 Illustrates  the  exhaust  temperature  distribution  at  the  simulated  uprated  condition, 
a value  of  25.6^  being  obtained  for  the  O.T.D.P.  The  radial  temperature  distribution  showed  a relatively 
flat  profile,  cooler  at  the  turbine  tip,  the  value  of  R.T.D.F.  being  2.6^.  Values  of  23.1?f  and  26.4^ 
were  obtained  for  the  O.T.D.P.  at  the  Cruise  and  simulated  Intermediate  Contingency  conditions 
respectively,  whilst  the  corresponding  values  for  the  R.T.D.P.  were  2.0^  and  2.7^. 

2.5.5.  Combustion  performance 

Exhaust  gas  analysis  at  the  simulated  Intermediate  Contingency  Rating  and  at  the  uprated  conditions 
gave  combustion  efficiencies  of  99.9^  in  both  oases. 


The  internal  appearance  of  the  flame  tube  after  teat  at  each  of  the  conditions  was  mainly  clean 
and  brighi;.  Minor  carbon  formations  included  thin  soot  films  on  the  vaporiser  tubes  following  each  test 
and  small  patches  of  soot  between  some  vaporiser  outlets  on  the  inner  primary  wall  cooling  skirt. 

A smoke  value  of  4.4  fig/l  (equivalent  to  an  E.P.A.  smoke  no.  of  approximately  50)  was  obtained 
using  a gravimetric  method  of  analysis  from  a sample  collected  in  the  exhaust  duct  some  1200  mm  downstream 
of  the  unit  during  test  at  the  uprated  conditions. 

Exhaust  HO  concentrations,  measured  by  a chemiluminescence  technique,  were  of  the  order  of 
120  p.p.m,  (vol.).  * 

2.6.  CnmmBnts  on  Achieved  Performance 

A flame  tube  design  exhibiting  generally  lower  metal  temperatures  than  those  associated  with  the 
Qeia-2  combustor  has  been  evolved  without  apparently  compromising  the  performance  in  other  aspects.  The 
potential  for  operating  this  design  of  combustor  at  hi^er  turbine  entry  temperatures  has  been  demonstrated. 

3.  REGEHERATIVE  ENGINE  COMBUSTOR 

3.1 . Review  of  Problem 

Gas  turbine  engines  with  exhaust  heat  recovery  can  impose  very  high  air  inlet  temperatures  on 
the  combiutor,  some  200K  higher  than  the  maximum  inlet  temperatures  of  current  high  compression  ratio  aero 
engines. 


The  problems  associated  with  such  high  air  temperatures  were  experienced  during  the  development 
of  combustion  equipment  for  the  British  Leyland  270  kW  (350  h.p.)  regenerative  gas  turbine  engine.  At 
the  specified  combustor  air  inlet  temperatures  which  varied  between  990K  and  1080IC  dependent  on  the  engine 
load,  metal  temperatures  greater  than  1300K  could  be  anticipated  presenting  problems  of  material  thinning 
due  to  oxldaMon  and  mechanical  damage  resulting  from  the  inability  of  the  reduced  strength  material  to 
withstand  the  stress  levels  produced  by  temperature  gradients.  It  was  appreciated  that  the  use  of  wall  film 
cooling  techniques  would  increase  the  cost,  promote  metal  temperature  gradients  and  high  stress  levels  and 
reduce  the  quantity  of  air  directly  available  to  the  comb-'stlon  process.  The  potential  of  impingement 
cooling  to  overcome  these  limitations  made  this  technique  attractive  and  a simplified  low  cost  combustor 
was  developed  and  successfully  operated  on  engine  trials. 
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3.2.  Initial  Design  Concepts 

3.2.1.  Engine  installation 

Considerations  of  engine  layout,  servicing  and  assessibllity  resulted  in  the  adoption  of  a 
reverse  flow  pipe  chamber  combustor  mounted  on  the  engine  vertical  centre-line  with  air  transference  from 
the  twin  heat  exchangers  via  kidney  shaped  ducts  positioned  on  opposite  sides  of  the  combustor  as  shown  in 
Figure  6.  The  combustor  exhausted  into  a volute  connected  to  the  turbine  nozzle  assembly. 

3.2.2.  Temporary  film  cooled  combustor 

To  cater  for  the  early  engine  running  programme  during  the  rig  development  of  the  low  cost 
combustor,  a number  of  more  expensive  film  cooled  units  were  employed  based  on  a well  proven  Lucas  design 
used  in  a variety  of  non-regenerative  industrial  gas  turbine  applications. 

Although  the  relatively  weak  operating  air/fuel  ratio  permitted  the  use  of  a greater  percentage 
of  the  air  flow  for  film  cooling  than  in  normal  non-regenerative  enf  ne  applications,  this  design  proved  to 
have  a limited  life  requiring  repairs  to  the  flare,  primary  and  dilut.on  walls  on  average  within  100  hours 
of  engine  operation.  Whilst  some  improvements  could  have  been  made,  th.,  -.ajor  effort  was  devoted  to  the 
design  and  development  of  a low  cost  combustor. 

3.2.3.  Initial  low  cost  combustor 


From  the  outset  a simple  cylindrical  combustor  flame  tube  was  adopted  with  a conical  primary  baffle, 
both  manufactured  from  NIMONIC  ALLOY  75*.  This  arrangement  shown  in  Figure  6 minimised  welding  in  possible 
regions  of  high  temperature  gradients  and  permitted  the  use  of  thicker  than  normal  material  3.25  mm 
(0.128  ins)  to  provide  a robust  construction  and  an  allowance  for  material  thinning  due  to  oxidation. 

A relatively  high  air  flow  was  introduced  over  the  edge  of  the  conical  baffle  (approximately  25^) 
to  cool  the  flame  tube  wall.  Primary  air  recirculation  was  promoted  by  the  introduction  of  slots 
approximately  halfway  down  the  flame  tube  wall,  the  air  through  which  provided  a pneumatic  baffle  to  deflect 
the  major  proportion  of  the  cooling  air  towards  the  centre  of  the  chamber  for  primary  combustion.  Final 
mixing  was  provided  by  four  large  dilution  holes  positioned  downstream  of  the  slots.  Following  early  tests, 
a radially  inward  flow  swirler  was  introduced  at  the  baffle  to  maintain  freedom  from  carbon  and  4 trimming 
holes  were  positioned  between  the  dilution  holes  to  improve  the  exhaust  temperature  distribution.  The  air 
admission  ports  were  sized  to  limit  the  overall  pressure  loss  to  3^  of  the  inlet  air  pressure. 

A further  consideration  in  the  adoption  of  a simple  cylinder  design  was  the  desire  to  be  able  to 
maintain  features  which  could  be  readily  produced  in  ceramic,  since  in  the  long  term  it  was  felt  that  this 
would  prove  to  be  the  best  combustor  material  for  long  life  and  low  cost. 

Atomisation  of  the  diesel  oil  fuel  was  provided  by  a pressure  jet  sprayer  with  air  assistance. 
Ignition  was  by  high  tension  spark. 

Although  it  was  appreciated  that  this  simple  approach  would  probably  require  development  and 
additional  features  to  meet  the  specification,  initial  testing  was  undertaken  to  assess  its  potential  and 
explore  possible  low  cost  improvements. 

3.3.  Combustion  Test  Equipment 

3.3.1.  Test  rig 

The  test  unit  simulated  the  engine  geometry  local  to  the  combustion  chamber  which  exhausted  via 
water  cooled  pipework  to  a silencer  stack. 

Air  at  the  correct  pressure  was  raised  to  the  required  inlet  temperature  by  an  in  line  preheater. 
Oxygen  replenishment  of  the  inlet  air  was  carried  out  to  minimise  the  effect  of  vitiation  on  combustion 
performance.  Since  this  development  programme  was  completed,  an  indirect  heat  exchanger  test  facility  has 
been  installed  with  the  capability  to  provide  unvitiated  air  at  the  high  inlet  temperatures  of  the 
regenerative  type  of  engine. 

3.3.2.  Tnat-nimentation 

Inlet  temperature  was  measured  by  Chromel/Alumel  thermocouples,  and  exhaust  temperatures,  total 
pressures  and  gas  samples  were  obtained  at  the  annular  plane  of  the  turbine  nozzle  guide  vanes  by  means  of 
a rotatable  water  cooled  instrument  similar  to  that  described  previously  for  the  annular  oomb\istor  tests. 

Metal  temperature  measurements  were  made  by  Chromel/Alumel  thermocouples  welded  to  the  flame  tube, 
supported  by  data  from  thermal  sensitive  paints.  It  was  found  that  the  latter  were  useful  in  indicating 
the  regions  of  hl^  temperature  to  enable  the  positioning  of  the  thermocouples  but  due  to  the  high  level 
of  vitiation  combined  with  the  high  inlet  air  temperature  the  different  colours  and  shades  were  indistinct 
and  Incapable  of  precise  interpretation. 

3.4.  Teat  Condition 

During  the  development  programme  testing  was  undertaken  on  the  rig  at  the  engine  full  load,  50^ 
speed  and  idling  conditions  given  in  Table  II. 

* Registered  trade  mark  of  Henry  Wlggln  and  Company  Limited 
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TABLE  II 

ENGIME  AND  RIG  OPERATING  CONDITIONS 


Full  Load 

50^  Speed 

Idling 

Air  Inlet  Pressure 

kPa 

590 

151 

148 

Air  Inlet  Temp. 

K 

993 

1080 

720 

Air  Haas  Flow 

kg/s 

1.63 

0.47 

0.73 

Air/Puel  Ratio 

lOO/l 

244/1 

428/1 

Mean  Exhaust  Temp. 
(Assuming  100^  comb. 

K 

effy. ) 

1341 

1222 

809 

Although  the  air  inlet  temperature  at  the  full  load  condition  was  lower  than  at  the  tabulated 
part  load  condition,  the  higher  combustion  loading  and  richer  alr/fuel  ratio  of  the  full  load  condition 
produced  the  highest  flame  tube  temperatures  and  the  most  severe  temperature  gradients. 

3.5.  Performance  of  Low  Cost  Combustor 

3.5.1.  Initial  arrangement 

The  initial  design  of  combustor  provided  a satisfactory  combustion  performance  at  full  load  but 
exhibited  high  metal  temperatures  particularly  towards  the  edge  of  the  primary  baffle  and  in  the  region  of 
the  air  slots  where  temperatures  in  excess  of  1420E  were  indicated  by  thermal  sensitive  paint  and  local 
temperatures  approaching  150OE  were  measured  by  thermocouple.  These  high  temperature  levels  resulted  in 
some  distortion  and  local  burning  of  the  combustor  fleime  tube  and  primary  baffle  within  a few  ho\irs  of 
operation  at  full  load  conditions. 

3.5.2.  Combustor  with  impingement  cooling 

Faced  with  these  high  metal  temperatures  and  rapid  mechanical  deterioration  it  was  apparent 
that  unless  some  simple  means  of  cooling  could  be  employed,  it  would  not  be  feasible  to  prooeed  with  this 
design  of  low  cost  combustor. 

Cooling  of  flame  tube 

Following  examination  and  analysis  of  the  results  the  evidence  indicated  that  a satisfactory 
solution  would  be  achieved  by  the  addition  of  a concentric  cylinder  containing  a holing  arrangement  to 
provide  Impingement  cooling. 

Althou^  the  engine  manufacturers  agreed  that  an  additional  pressure  loss  of  of  the  combustor 
inlet  pressure  could  be  tolerated  across  the  concentric  cylinder  to  provide  the  necessary  impingement 
velocity,  it  was  expected  that  there  would  be  scope  during  subsequent  development  to  reduce  this  back  to 
the  original  specification.  In  order  to  achieve  the  maximum  cooling  effect  all  the  combustor  air  was 
routed  through  the  wall  of  the  Impingement  cooling  cylinder. 

The  need  to  provide  quickly  an  acceptable  design  imposed  limitations  on  the  number  of  arrangements 
lAich  could  be  tested  and  on  the  range  of  measurements  taken, which  after  initial  examination  were  restricted 
to  the  full  load  operating  conditions.  (Figure  ?). 

An  initial  teat  with  a local  Impingement  cooling  cylinder  with  5.1  mm  (0.2  ins)  dla  holes 
positioned  over  the  rear  section  of  the  flame  tube  demonstrated  a significant  reduction  in  metal 
temperature  with  a maximum  measured  value  of  1298K. 

Further  tests  were  carried  out  \ising  commercially  available  stainless  steel  sheeting  perforated 
unlformally  with  4.7  mm  (0.187  ins)  dla  holes  and  9.5  oim  triangular  pitch  and  with  an  impingement  cooling 
cylinder  with  relatively  large  holes  (25.4  mm  - 1 in  dla)  positioned  to  direct  the  cooling  air  over  local 
areas  of  maximum  temperature.  The  maximum  measured  temperatures  and  the  corresponding  pressure  loss  across 
the  impingement  cooling  cylinder  for  these  arrangements,  shown  plotted  on  Figure  7 confirmed  the  Influence 
of  pressure  drop  as  a major  factor  and  indicated  that  for  a given  pressure  drop  there  is  scope  for 
Improvement  by  ensuring  good  impingement  in  the  areas  requiring  maximum  cooling. 

The  impingement  cooling  cylinder  with  large  diameter  holes  shown  in  Figure  8 and  the  initial 
arrangement  with  local  cooling  gave  the  beat  results  but  the  former  was  preferred  as  it  was  considered  to 
offer  a cheaper  more  reliable  arrangement  and  to  be  more  suitable  for  future  development. 

A much  Improved  flame  tube  metal  temperature  distribution  was  obtained  with  the  introduction  of 
impingement  cooling  as  shown  by  the  Figure  9 and  during  subsequent  engine  operation  the  modified  combustor 
shoved  no  significant  signs  of  distortion  or  oxidation.  Calculations  showed  that  the  differences  in  metal 
temperature  between  the  initial  and  impingement  cooled  flame  tubes  had  produced  a ten  fold  increase  in  the 
external  convective  heat  transfer  coefficient. 
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Coolint?  of  primary  baffle 

The  introduction  of  an  impingement  cooling  akin  upstream  of  the  primary  baffle  as  shown  on 
Figure  10 (a)  did  not  give  immediate  relief  from  the  high  temperature  level  of  approximately  1500K  occurring 
towards  the  baffle  outer  diameter.  A number  of  different  holing  arrangements  were  investigated  on  the 
combustion  and  flow  visualisation  rigs  with  all  the  primary  baffle  air  passing  initially  through  the 
impingement  cooling  skin.  The  baffle  tip  diameter  was  reduced  to  maintain  a constant  effective  area  and 
allow  most  of  the  total  pressure  loss  to  occur  across  the  cooling  skin  impingement.  Plow  studies  showed  that 
most  of  the  air  passing  through  the  cooling  skin  did  not  impinge  on  the  baffle  but  tiumed  sharply  through 
90°  to  form  a flow  stream  parallel  to  the  baffle  face. 

Baffle  temperatures  were  eventually  reduced  to  an  acceptable  level  of  less  than  1300K  by  the 
introduction  of  holes  in  the  baffle  face  out  of  line  with  the  impingement  cooling  holes  as  shown  on 
Figure  10(b).  The  presence  of  the  baffle  holes  ensured  that  the  cooling  air  discharged  from  the  cooling  skin 
and  impinged  at  right  angles  onto  the  rear  of  the  baffle  before  passing  through  it.  The  resulting  arrangement 
therefore  could  be  considered  as  a combination  of  impingement  and  effusion  cooling.  It  was  not  possible  to 
isolate  the  relative  cooling  effect  of  each  factor  but  it  is  worth  noting  that  during  one  test  which  was 

carried  out  with  a series  of  small  holes  (2.5  mm  - 0.1  ins)  drilled  in  the  baffle  and  no  impingement  cooling 

skin,  there  was  no  apparent  reduction  in  the  temperature  of  the  baffle.  On  the  final  arrangement,  3.5^  of 
the  total  air  flow  was  used  for  baffle  cooling  which  contrasts  with  the  unsuccessful  initial  arrangements 
where  attempts  to  employ  the  total  baffle  airflow  of  more  than  20^  failed  to  reduce  significantly  the 
temperature  level, 

3.5.5.  General  performance 

The  final  Impingement  cooled  combustor  shown  on  Figure  1 1 gave  a satisfactory  general  performance 

at  full  load  conditions  with  an  overall  total  pressure  loss  of  3.6^  and  an  O.T.D.P,  of  12.8J^.  Measurements 

undertaken  on  the  engine  showed  the  exhaust  pollutant  levels  to  be  within  the  U.S.A.  requirements  for  heavy 
duty  vehicle  engines  as  indicated  by  Table  III. 


TABLE  III 

ENGINE  EXHAUST  EMISSION  LEVELS 


Brake  specific  emissions  for  13  mode  cycle  (gm/B,H,P.  - hour) 

CO 

GHC 

»°x 

NO  + UHC 

X 

Engine  Test  with  Impingement 
Cooled  Combustor  * 

1,4 

0.1 

2.8 

2.9 

1977  Californian  Requirements 

25 

- 

- 

5 

Proposed  Federal  Requirements 
for  197S 

25 

1.5 

- 

10 

* Based  on  five  operating  conditions  from  idle  to  full  load. 


3.6.  Onmmante  on  Derived  Design 

A significant  reduction  in  both  the  level  of  temperature  and  the  thermal  gradients  was  achieved  by 
the  use  of  Impingement  cooling.  Simultaneously  the  manufacturing  price  of  the  combustor  was  reduced  to 
approximately  one  third  of  the  price  of  the  conventional  film  cooled  unit.  The  effectiveness  of  the  cooling 
on  this  combustor  design  was  probably  enhanced  by  the  particular  holing  arrangement  on  the  flame  tube  wall 
which,  in  general,  enabled  short  flow  paths  between  the  impingement  cooling  liner  and  flame  tube  thus  reducing 
the  possibility  of  annulus  cross  flows  deflecting  the  impinging  jets.  It  is  estimated  that  more  than  90^  of 
the  total  air  flow  would  have  an  unopposed  flow  path  from  the  cooling  cylinder  to  the  flame  tube.  The  use  of 
relatively  large  holes  provided  a high  local  momentum  of  the  impinging  air  to  offset  any  opposing  annulus 
disturbances,  and  the  unusually  thick  material  (3.25  mm)  gave  sufficient  conduction  between  impingement  holes 
to  avoid  excessive  temperature  gradients. 

It  is  apparent,  however,  that  even  with  careful  cooling  provisions,  the  limit  of  operation  for 
metallic  combustors  at  the  described  level  of  operating  temperatures  was  being  approached.  In  general, 
maximum  wall  temperatures  can  be  expected  to  be  not  less  than  30OK  higher  than  the  inlet  air  temperature  and 
although  improved  high  temperature  alloys  will  help  to  extend  the  operating  range,  the  stage  has  now  been 
reached  where  ceramics  will  need  to  be  employed  to  permit  any  further  increases  in  engine  cycle  temperatures. 
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DISCUSSION 


A.Mihail,  France 

( 1 ) La  chambre  presente  est-elle  en  production  industrielle? 

(2)  Quel  est  I’ordre  de  grandeur  de  la  dur6e  d’utilisation  que  vous  indiquez  comme  ‘tres  longue  dur6e’? 

(3)  Quel  est  le  rendement  de  combustion  de  cette  chambre? 

Author’s  Replies 

My  answers  to  your  three  questions  are  as  follows: 

( 1 ) The  chamber  described  is  an  experimental  unit  but  Rolls-Royce  have  adopted  a version  of  it  for  their  High 
Pressure  Core  Demonstrator. 

(2)  This  type  of  chamber  is  not  yet  in  practical  use  on  an  engine  but  we  should  get  life  and  cycling  experience  on 
the  High  Pressure  Core  Demonstrator. 

(3)  The  combustion  efficiency  for  the  tests  quoted  was  better  than  99.8%. 

R.Eggebrecht,  Germany 

In  order  to  assess  the  status  of  development  of  this  type  of  reverse  flow  combustor,  it  is  also  necessary  to  discuss  the 
emission  characteristics.  Have  you  made  measurements  yet,  and  what  was  the  outcome? 

Author’s  Reply 

The  chamber  was  evolved  for  helicopter  use  for  which  there  are  no  proposed  emission  regulations.  However,  the 
emission  levels  of  CO  and  UHC  at  the  conditions  quoted  are  very  low  and  the  smoke  number  is  below  30.  If  the 
combustor  was  to  be  adopted  for  an  engine  in  the  P,  class  and  the  idling  conditions  related  to  5%  engine  power, 
then  I think  the  chamber  would  meet  the  proposed  EPA  regulations,  although  to  date  we  have  not  made  measure- 
ments at  all  the  conditions  relative  to  the  EPA  cycle. 


D.K.Hennecke,  Germany 

Regarding  the  exit  temperature  profile,  the  dilution  air  is  usually  employed  for  the  achievement  of  an  optimal  radial 
temperature  profile.  Since  you  don’t  have  any  dilution  parts  how  can  you  control  the  shape  of  the  profile? 

Author’s  Reply 

We  have  shown  that  the  radial  profile  can  be  modified  by  varying  the  air  distribution  to  the  cooling  devices  and  also 
by  the  inclusion  of  dilution  holes  on  the  downstream  side  of  the  secondary  baffle. 
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SUMMARY 

In  pipe  flow  experiments  cold  air  was  injected  tangentially  to  the  tube  wall  of  the  test 
section  through  an  annular  slot  into  a hot  fully  developed  turbulent  pipe  flow.  The 
adiabatic  wall  temperature  was  measured  along  the  pipe  length  for  different  velocity 
ratios,  injection  slot  heights  and  degrees  of  turbulence  of  coolant  and  main  streams. 

Simultaneously  the  velocity  and  the  temperature  profiles  as  well  as  the  distribution  of 
the  turbulent  fluctuation  velocities  were  measured.  The  measurements  indicate  that  an 
increasing  turbulence  intensity  of  the  coolant  can  significantly  reduce  film  cooling 
effectiveness.  By  means  of  turbulent  fluctuation  velocity  measurements  and  a physical 
model  the  film  cooling  effectiveness  can  be  calculated.  The  derived  correlations  reveal 
the  best  cooling  effectiveness  for  a velocity  ratio  near  unity  and  a decrease  of  the 
cooling  effectiveness  with  increasing  turbulence.  There  is  a good  agreement  between 
experiments  and  theoretical  predictions. 

LIST  OF  SYMBOLS 

A turbulent  momentum  exchange 
coefficient 

A turbulent  heat  exchange 
coefficient 

Cp  specific  heat  at  constant  pressure 
constant 

Ijj  lip  thickness 
Ma  Mach  number 
m mass  flow  rate 

Q heat  flow  rate 

heat-flux  rate 
R test  section  radius 
Re  Reynolds  number 
Ro  mainstream  inlet  radius 
r radial  coordinate 
s slot  height 
t temperature 

1.  INTRODUCTION 

In  the  film  cooling  of  combustion  chambers  it  is  desirable  to  keep  the  amount  of  air  used 
as  small  as  possible.  For  this  reason  it  is  necessary  to  have  an  exact  knowledge  of  the 
cooling  process.  In  the  past  numerous  experiments  of  film  coaling  were  performed  and  wall 
temperatures  were  measured  downstream  of  the  injection  point.  The  dependence  of  the  most  '' 

important  parameters  such  as  injection  velocity,  density,  slot  height,  lip  thickness, 

axial  pressure  gradient  and  injection  angle  were  determined.  '• 

A review  of  the  numerous  investigations  is  given  by  Goldstein  [l]  and  Schultz  [2] . The 

main  objective  of  the  studies  was  to  determine  the  adiabatic  wall  temperature  variation 

taw>  for  example,  the  dimensionless  adiabatic  wall  temperature,  the  so  called  cooling 

effectiveness , 


where  to  is  the  temperature  of  the  hot  mainstream  gas  and  t2  is  the  temperature  of  the 
cooling  medium  at  the  point  of  injection.  The  experimental  results  were  partly  presented 
in  terms  of  empirical  formulae  or  described  in  terms  of  semiempirical  models.  The  numeri- 
cal solution  of  the  differential  boundary  layer  equations  employing  initial  conditions 
and  turbulent  diffusivities  result  in  more  or  less  good  agreement  with  the  measurements. 
Up  to  now,  the  influence  of  turbulence  on  the  film  cooling  and  particularly  the  turbu- 
lence of  the  cold  stream  has  scarcely  been  investigated.  The  present  work  is  concerned 
with  the  experimental  study  and  mathematical  description  of  this  effect.  The  knowledge 
of  turbulence  mechanism  can  result  in  a more  complete  understanding  of  turbulent  exchange 
processes  in  the  vicinity  of  the  wall  between  combustion  products  and  the  cooling  film. 

Of  particular  importance  is  the  optimization  of  the  coolant  mass  flow  rate  which  has  been 
experimentally  observed  by  many  authors  that  results  in  maximum  effectiveness  for  a given 
coolant  injection  velocity.  Since  no  models  exist  in  the  literature  to  describe  such  a 
maximum  in  cooling  effectiveness  an  analysis  is  presented  to  calculate  the  temperature 
distribution  of  a film  cooled  wall  accounting  for  the  influence  of  tubulence  and  other 
film  cooling  parameters. 

2.  TEST  SECTION 

For  the  study  of  the  fundamental  relations  in  film  cooling  the  phenomena  in  a combustion 
chamber  can  be  geometrically  simulated  by  tube  flow  with  slot  injection  (Fig.  1). 


w time  and  area  averaged  velocity 
w'  short  expression  for  the  root-mean- 
square-value  of  the  velocity  fluc- 
tuation 

z axial  coordinate  along  the  tube  axis 
tp  azimuthal  angle 
n film  cooling  effectiveness 
A heat  conductivity 

u dynamic  viscosity 

p density 

SUBSCRIPTS 

aw  adiabatic  wall 
max  maximum  value 

z in  direction  of  the  coordinate  z 
o mainstream 
2 coolant  stream 
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The  primary  objective  of  the  work  is  to  investigate  the  influence  of  turbulence  on  film 
cooling,  and  the  secondary  objective  is  to  prove  that  film  cooling  on  a flat  plate  is 
similar  to  that  in  an  annulus  and  to  determine  if  the  wail  curvature  has  a strong 
influence  on  the  cooling  process.  In  Pig.  1,  z denotes  the  coordinate  in  the  flow  direction, 
e.  g.  the  tube  axis,  r is  the  radial  coordinate  and  <p  is  the  azimuth,  s is  the  height  of  the 
coolant  injection  slot,  id  is  the  lip  thickness  and  R is  the  tube  radius.  The  velocities 
of  the  streams  are  denoted  by  Wq  and  W2,  the  temperatures  by  to  and  t2  and  the  densities 
by  po  and  P2.  These  quantities  are  the  time  and  cross-section  averaged  values  at  the 
point  of  injection  (z=0).  The  subscripts  o and  2 denote  the  hot  and  the  cold  gas  streams, 
respectively. 


JK  ■ 
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The  main  parts  of  the  experimental  system  employed  is  an  open  wind  channel  [3]  for 
producing  fully  developed  hot  tube  flow  (mainstream:  50  m/s  < Wq  < 70  m/s;  loO  °C  < to 
< 230  OC ; 7*10'  < Reo  < 1.1'IC*;  0.1  < Mao  < O.I6),  a second  flow  channel  which  delivers 
the  cold  gas  and  a test  section.  The  experiments  were  performed  with  air.  The  test  section 
(Fig.  2a)  consists  essentially  of  a flow  tube  with  an  annular  mixing  nozzle  for  injection 
of  a cooling  medium  through  a tangential  slot.  The  cooling  medium  is  introduced  through 
12  rationally  symmetric  individual  tubes  into  the  annular  chamber  of  the  mixing  nozzle. 

The  cold  stream  is  bent  90°  and  accelerates  up  to  the  slot  exit.  In  order  to  vary  the 
turbulence  in  the  cold  air  stream  a set  of  holes  (72  holes  with  2 mm  inside  diameter  were 
placed  circumferentially)  with  grids  is  introduced  into  the  annuiai  chamber  (Fig.  2b). 

The  distribution  of  the  cold  stream  into  12  individual  streams  produces  relatively  strong 
vortices  and  turbulent  eddies  in  the  annular  chamber  of  the  mixing  nozzle  By  flowing 
through  the  tight  grid  structure,  depending  on  the  number  and  size  of  the  grid,  the  tur- 
bulence is  reduced.  The  highest  level  of  turbulence  of  the  cold  stream  in  the  present 
experimental  set-up  results  in  the  absence  of  holes  and  grid.  The  grids  used  have  a 
wire  diameter  from  0.1  mni  up  to  0.I6  mm  and  a mesh  size  from  0.14  mm  up  to  0.29  mm. 

Various  slot  heights  s can  be  produced  with  annular  nozzles  of  different  diameter.  Ex- 
perimental measurements  were  performed  with  slot  heights  of  s = 0.8  mm,  1.5  mm  and  2.5  mm. 
The  connected  test  section  is  a thick-walled,  adiabatic,  insulated  teflon  tube  of  55  mm 
inside  diameter.  The  inside  wall  temperature  of  the  teflon  tube  and  therefore  the  adia- 
batic wall  temperature  is  measured  with  40  thermocouples  at  I6  cross  sections  in  a length 
of  40  cm. 

At  5 locations  along  the  test  section  a combined  thermocouple  - pitot  tube  probe  is  used 
for  determining  the  radial  temperature  and  velocity  distributions  as  well  as  a hot-wire- 
anemometer  for  measuring  the  radial  distribution  of  the  longitudinal  fluctuation  velocity. 
The  openings  for  the  probes  are  located  at  distances  z=0,  as  well  as  40,  90,  140  and  265 
mm  from  the  injection  point. 

The  experimental  data  were  recorded  with  a digital  data  system  and  then  stored  on  a tape 
for  evaluation  on  computer  at  a later  time.  With  the  experimental  arrangement  the  adia- 
batic wall  temperature  and  therefore  the  cooling  effectiveness  for  a large  number  of 
velocity  ratios  W2/W0,  for  different  temperatures  tj  and  to,  for  varying  slot  heights  and 
varying  turbulent  intensities  of  the  cold  stream  were  measured  along  the  tube  length. 

3.  EXPERIMENTAL  RESULTS 

3.1  DISTRIBUTION  OF  THE  LONGITUDINAL  VELOCITY  FLUCTUATIONS 

Fig.  3 illustrates  the  experimentally  measured  root-mean-square-value  of  the  longitudinal 
velocity  fluctuations  /wj'  (denoted  simply  as  wj)  for  the  mainstream  gas  plotted  as  a 
function  of  radial  coordinate  r obtained  with  a hot-wire-probe.  The  turbulent  mainstream 
flow  is  fully  developed  at  the  point  of  injection  (z=0).  Illustrated  are  the  fluctuations 
WJo  for  three  different  mainstream  ve'ocities  wq.  In  the  center  of  the  channel  there 
exist  relatively  low  fluctuations  wh*.h  depend  on  the  flow  velocity  and  increase  as  the 
wall  is  approached.  In  the  vicinity  of  the  wall  there  is  a maximum  in  the  longitudinal 
velocity  fluctuation  and  decreases  sharply  until  it  reaches  a value  of  zero  at  the  wall. 
Similar  distributions  were,  for  example,  given  by  Laufer  [4]  and  also  by  Perry  and  Abell 
[5]  for  tube  flow  and  by  Klebanoff  [6]  and  Blom  [7]  for  flow  over  a flat  plate.  It  shows 
that  the  turbulent  fluctuating  motion  wj  depends  on  the  average  flow  velocity  as  well  as 
on  the  distance  from  the  wall. 


Pig.  3:  Root-mean-square-value  of  the  longitudinal  velocity  fluctuation 
of  the  main  stream  across  the  inlet  test  section  radius  Rq 
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FiR.  Distribution  of  the  root-mean-square- value  of  the  longitudinal 
velocity  fluctuation  the  coolant  stream  across  the  slot 

height  s.  left  part:  experiments  with  a higher  maximum  fluctuating 
motion;  right  part:  experiments  with  a lower  maximum  fluctuating 
motion. 

Different  turbulent  intensities  of  the  coolant  were  obtained  through  the  installation  of 
grids  in  the  annular  chamber  discussed  earlier  (Fig.  2b).  Fig.  ^ shows  the  distribution 
of  the  longitudinal  coolant  velocity  fluctuations  ^2  (root-mean-square-value)  plotted 
against  the  slot  height.  As  an  example,  here  are  given  measurements  with  the  slot  height 
s = 1.5  mm  for  four  cold  stream  velocities.  The  left  part  of  the  figure  shows  experiments 
with  high  maximum  longitudinal  velocity  fluctuations  which  were  obtained  without  the  grid 
structure  shown  in  Fig.  2b.  With  the  grid  (Fig.  4,  right  part  of  figure)  the  maximum  of 
the  fluctuating  motion  is  strongly  decreased,  but  the  turbulence  in  the  center  of  the 
slot,  however,  increases  somewhat.  Downstream  of  the  injection  point  the  intensity  of  the 
heat  exchange  between  the  two  streams  depends  strongly,  for  a short  distance,  on  the  value 
of  the  fluctuations  near  the  slot  wall  facing  the  mainstream.  Therefore,  the  maximum  value 
of  the  fluctuations  is  important.  The  magnitude  of  the  fluctuations  in  the  center  of  the 
slot  is  of  secondary  importance  for  film  cooling.  Since  the  velocity  fluctuations  depend 
not  only  on  the  flow  velocity  but  show  also  a radial  distribution  therefore  to  characterize 
the  magnitude  of  turbulence  the  maximum  longitudinal  velocity  fluctuations  of  the  measured 
profile  of  the  main  and  cooling  streams  are  given  at  the  entrance  of  the  test  section. 

The  mainstream  turbulence  wJo  max  corresponds  to  that  of  a fully  developed  turbulent  pipe 
flow  and  was  not  changed  in  the  experiments.  The  turbulence  level  in  the  present  work  is 
characterized  by  the  absolute  value  of  root-mean-square  of  the  longitudinal  turbulent 
velocity  fluctuations  rather  than  its  ratio  with  the  mean  velocity  since  the  ratio  at  low 
mean  velocities  becomes  large  even  though  the  velocity  fluctuations  remain  small. 

In  Fig.  5 are  presented  the  root-mean-square-values  of  the  longitudinal  velocity  fluctua- 
tions during  mixing  of  the  two  streams  as  a function  of  the  test  section  radius  for  dif- 
ferent velocity  ratios,  w2/wo  = 1.9.  1.35  and  0.57.  For  explanation  of  the  influences  of- 
different  turbulence  levels  in  the  coolant  stream  experimental  results  are  presented  for 
the  same  velocity  ratios  with  both  higher  and  lower  maximum  coolant  turbulence  levels  in 
the  left  and  right  parts  of  the  figure,  respectively.  The  broken  curves  give  again  the 
variation  of  the  longitudinal  velocity  fluctuations  in  the  main  and  coolant  streams 
at  the  test  section  inlet  and  correspond  to  those  in  Fig.  3 and  Fig,  4. 

The  velocity  ratios  W2/wo  > 1 indicate  clear  difference  in  the  variation  of  the  long- 
itudinal velocity  fluctuations  between  the  experiments  with  higher  (left  part)  and 
smaller  (right  part)  maximum  coolant  stream  turbulence  levels.  In  the  experiments  with 
higher  maximum  turbulence  level  in  the  coolant  air  at  the  inlet  to  the  test  section,  the 
longitudinal  velocity  fluctuations  during  the  mixing  are  also  higher  than  in  the  experi- 
ments with  the  smaller  Wz2max  ih  the  coolant  air  stream.  The  originally  high  coolant 
air  velocity  fluctuations  ^2  max  are  somewhat  reduced  by  the  mixing  but  extend  over  a 
larger  flow  cross  section.  For  the  velocity  ratio  W2/Wo  =1.9  one  can  note  a difference 
between  the  two  experiments  even  at  the  distance  of  z = 26.5  cm  from  the  point  of 
injection.  For  smaller  values  of  W2/Wq  the  influence  length  is  decreased. 

From  these  experiments  it  is  clearly  seen  that  the  greater  of  the  longitudinal  velocity 
fluctuations  of  the  main  or  coolant  streams  in  the  mixing  zone  is  dominating  for  short 
distances . 

For  velocity  ratios  W2/W0  < 1 the  originally  high  longitudinal  velocity  fluctuations  of 
the  coolant  air  stream  decrease  very  rapidly  so  that  with  decreasing  velocity  ratio  the 
turbulence  of  the  coolant  wir  stream  entering  the  test  section  becomes  always  of  smaller 
influence.  For  W2/w„  = 0.57  one  can  observe  a 'mall  influence  of  turbulence  only  up  to 
a distance  of  z = 14  cm. 

This  comparison  makes  it  clear  how  the  turbulence  introduced  with  the  coolant  stream  in 
the  test  section  influences  the  distribution  of  the  longitudinal  velocity  fluctuations. 
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Influence  of  different  root-mean-square-values  of  longitudinal  velocity 

fluctuation  of  the  coolant  stream  at  the  test  section  inlet  ( z=0)  on 

the  distribution  of  the  velocity  fluctuations  during  the  mixing  of  the 
main  and  coolant  streams  for  different  distances  z from  the  point  of 
injection  and  velocity  ratios  wj/Wq  = 1.9  to  0.57.  The  left  column  shows 
experiments  with  higher  coolant  air  turbulence  and  the  right  column 
shows  experiments  with  lower  turbulence.  The  maximum  longitudinal  fluc- 
tuating motion  of  the  mainstream  is  nearly  constant  max  - 3 m/s. 
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The  fluctuating  motions  in  the  two  other  directions  will  show  similar  effects.  Since  the 
heat  exchange  between  the  two  streams  is  mainly  dependent  on  the  fluctuating  motion  the 
difference  in  cooling  effectiveness,  as  a result  of  different  coolant  air  turbulence,  is 
explainable  in  the  next  figure  (Fig,  6)  through  the  distributions  of  velocity  fluctuations 
discussed  previously, 

3.2  COOLING  EFFECTIVENESS 

How  the  differences  in  the  maximum  longitudinal  velocity  fluctuations  of  the  coolant 
stream  influence  the  cooling  effectiveness  n is  presented  in  Fig.  6 for  two  cases.  Plotted 
is  the  cooling  effectiveness  versus  the  dimensionless  distance  from  the  point  of  injection 
The  two  sets  of  measurements  have  the  same  velocity  ratio  W2/W0  but  different  longitudinal 


Fig,  6;  Measured  (o,»)  and  calculated  from  Eq.  (19)  ( — > — ) cooling  effective- 
ness along  the  tube  length  z/s  with  the  velocity  ratio  and  the  root- 
mean-square-value  of  the  longitudinal  velocity  fluctuation  at  the 

test  section  inlet  as  parameters  (o  lower  fluctuating  motion 

wi  max;  • higher  fluctuating  motion  w^  ^ax)  • 

velocity  fluctuations  at  the  entrance  of  the  test  section,  where  ^ max 'represents  the 
greater  of  the  longitudinal  velocity  fluctuations  in  the  main  and  coolant  streams.  It  is 
implied  here  that  for  the  results  compared  here  all  of  the  influence  parameters  for  the 
film  cooling  such  as  the  lip  thickness  l(j,  slot  height  s,  density-  and  velocity  rations 
are  the  same  and  only  the  turbulence  of  the  coolant  stream  is  varied.  There  results  poorer 
cooling  effectiveness  for  higher  turbulence  intensity,  that  is,  for  larger  longitudinal 
velocity  fluctuations.  This  means  in  practical  applications  , for  example,  that  for  the 
same  amount  of  coolant  air  a better  cooling  effectiveness  will  be  obtained  when  turbulence 
reducing  instead  of  turbulence  increasing  conditions  at  the  injection  are  constructed. 

For  example,  Wahl,  Kappler  and  Schmid  [8J  have  obtained  better  cooling  effectiveness  when 
the  coolant  was  injected  tangentially  through  a large  number  of  small  holes  instead  of 
one  or  two  rows  of  holes.  They  obtained  highest  cooling  effectiveness  by  injecting  cooling 
air  through  a porous  material,  because  small  openings  decreased  the  turbulence  level  of 
the  coolant  medium.  The  influence  of  the  turbulence  level  on  the  film  cooling  effective- 
ness depends  though  on  the  mass  flow  ratio.  For  W2/W0  < 0.5  one  cannot  establish  any 
influence  of  turbulence. 

The  influence  of  turbulence  on  the  cooling  effectiveness  was  evaluated  differently  in  the 
few  existing  experiments  up  to  now.  Carlson  and  Talmor  [9]  have  determined  in  their  ex- 
periment with  a higher  turbulence  intensity  in  the  mainstram  a decrease  in  the  cooling 
effectiveness.  Also,  Spalding  [lo]  has  obtained  a decrease  in  cooling  effectiveness  with 
increasing  mainstream  turbulence  from  the  numerical  solution  of  the  boundary  layer 
differential  equations.  Kacker  and  Whitelaw  fll]  could  not  establish  experimentally  any 
influence  on  the  cooling  effectiveness  through  higher  coolant  stream  turbulence.  In  their 
experiments  the  turbulence  in  the  slot  center  was  changed  probably  by  the  grids,  while 
the  magnitude  of  turbulence  in  the  vicinity  of  the  slot  wall  was  hardly  influenced. 
According  to  the  measurements  of  the  longitudinal  velocity  fluctiation  distribution  in  Pig. 

5,  the  maximum  value  of  the  fluctuation  velocity  of  the  coolant  stream  in  the  vicinity  of 
the  slot  wall  facing  the  mainstream  is  important  for  the  distribution  of  the  velocity 
fluctuations  in  the  mixing  zone.  One  can  compare  in  Pig.  5 the  left  part  with  higher 
turbulence  in  the  cooling  stream  to  the  right  part  with  lower  turbulence  in  the  cooling 
stream  for  the  same  velocity  ratio  W2/wo  = 1.9-  In  these  two  measurements  the  turbulence 
is  equal  in  the  center  of  the  slot.  This  shows  clearly  that  the  maximum  values  of  the 
longitudinal  velocity  fluctuations  influence  the  turbulence  during  the  mixing  of  the  two 
streams . 

In  Fig.  7 are  presented  experimental  data  for  three  runs  with  approximately  the  same  mass 
flow  ratio  ifl2/ilio  = 0.19  but  different  slot  heights  s and  therefore  different  velocity 
rations  W2/wo.  The  experimental  measurements  clearly  establish  that  for  equal  mass  flow 
ratio  the  maximum  cooling  effectiveness  is  independent  of  the  slot  height  s for  this  run 
for  which  the  velocity  ratio  is  W2/wo  •»  1.  Only  for  short  distances  from  the  injection 
point  the  heat  protection  of  a thicker  cooling  film,  as  a result  of  higher  slot  height 
(s  - 2.5  mm)  between  the  hot  mainstream  and  the  wall,  is  of  greater  influence  than  the 
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velocity  ratio  W2/Wo  = 1.  Smaller  cooling  effectiveness  are  obtained  for  those  measure- 
ments for  which  the  velocity  difference  between  the  main  and  the  coolant  stream  |w2/wo-l| 
is  large  and  through  it  more  intensive  momentum  and  heat  exchange  is  produced.  For  very 
large  distances  z from  the  point  of  injection  the  three  set  of  results  approach  the  same 
value  of  cooling  effectiveness.  The  run  with  the  largest  value  |w2/wo  - ij  reached  this 
condition  at  the  smallest  distance  z. 


Fig,  7:  Comparison  of  measured  and  calculated  (from  Eq.  (19))  cooling 
effectiveness  along  the  tube  length  z/s  for  equal  mass  flow 
ratios  but  different  slot  height  s and  velocity  ratios. 

In  Fig.  8 are  presented  experimentally  determined  cooling  effectiveness  for  five  distances 
from  the  point  of  injection  as  a function  of  the  velocity  ratio  w?/wp.  In  agreement  with 
the  experiments  of  Pai  and  Whitelaw  (iPj  and  Nicoll  and  Whitelaw  [13j  > the  results  show 
an  increase  in  cooling  effectiveness  with  an  increase  in  the  coolant  injection  velocity. 

In  the  neighbourhood  of  the  velocity  ratio  W2/wo  = 1 there  is  obtained  a maximum  cooling 
effectiveness.  An  increase  in  the  ratio  up  to  w2/Wo  > 1 gives  for  shorter  distances  no 
further  improvement  in  cooling  effectiveness.  The  explanation  of  this  trend  is  the  reduced 
momentum  exchange  between  the  two  streams  when  the  coolant  and  main  stream  velocities 
approach  each  other;  therefore,  the  mixing  is  not  as  intense  as  in  the  case  of  higher 
velocity  differences,  and  hence  the  cooling  effectiveness  is  better.  For  higher  velocity 
ratios  the  cooling  effectiveness  hardly  decreases  in  spite  of  further  increase  in  momen- 
tum exchange  since  the  mass  of  coolant  injected  increases  accordingly. 


Fig.  8;  Comparison  of  measured  (o)  and  calculated  ( ) cooling 

effectiveness  as  a function  of  the  velocity  ratio  with  the 
distance  z from  the  injection  point  as  parameter. 

The  dependence  of  the  cooling  effectiveness  on  the  slot  height  s is  given  in  Fig.  9 for 
two  different  velocity  ratios  and  distances  from  the  point  of  injection  as  parameters. 
For  smaller  values  of  the  slot  height  an  increase  of  the  slot  height  results  in  greater 
improvement  of  the  cooling  effectiveness  as  for  the  larger  ones.  In  practice  this  means 
that  an  average  cooling  effectiveness  can  be  achieved  with  relatively  small  slot  heights 
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Fig.  9:  Dependence  of  the  cooling  effectiveness  on  the  slot  height  s with  the 
velocity  ratio  and  the  distance  from  the  point  of  injection  as 
parameters . 

3.3  TEMPERATURE  AND  VELOCITY  DISTRIBUTIONS 

Fig.  10  shows  the  temperature  and  velocity  profiles  in  the  test  section  for  different 
distances  z from  the  point  of  injection  and  for  four  different  velocity  ratios  of  the 
coolant  and  the  mainstream.  For  large  velocity  ratios  a slow  decrease  of  the  wall  jet  and 
at  the  same  time  a heating  of  the  coolant  are  observed.  The  velocity  difference  between 
the  wail  jet  and  the  mainstream  promotes  the  momentum-  and  heat  exchange.  The  increase  in 
W2/W0  and  therefore  a greater  velocity  difference  compensates  the  effect  of  the  greater 
heat  sink  which  results  from  an  increase  in  coolant  mass  flow.  This  is  the  explanation 
why  there  is  no  further  rise  in  the  cooling  effectiveness  with  the  increase  in  W2/W0  > 1 
(see  Fig.  8).  For  small  velocity  ratios  the  same  two  mechanisms  mentioned  above  are  in 
effect.  But  through  the  lower  coolant  mass  flow  rates  the  resulting  heat  sink  effect  is 
smaller.  For  velocity  ratios  w2/Wo  ■»>  1 the  momentum-  and  heat  exchange  between  the  two 
streams  caused  by  the  velocity  difference  is  small.  The  injected  cold  air  mass  and  there- 
fore the  heat  sink  effect  produced  is  sufficient  so  that  in  the  vicinity  of  this  velocity 
ratio  an  optimum  cooling  effectiveness  (see  Fig.  8)  results  for  short  distances  z from 
the  injection  point. 

From  the  results  presented  it  is  seen  that  the  turbulence  of  the  coolant  air  influences 
strongly  the  cooling  effectiveness  particularly  for  velocity  ratios  w2/wo  I 1 which  are 
of  interest  for  practical  applications.  This  additional  parameter  on  film  cooling  must 
therefore  be  taken  into  design  considerations. 

It.  CALCULATION  OF  COOLING  EFFECTIVENESS 

The  following  simplified  model  for  the  semiempirical  determination  of  the  influence  of  the 
coolant  air  turbulence  on  the  film  cooling  effectiveness  was  developed.  Through  turbulent 
mixing  motion  and  the  resulting  momentum  and  heat  exchange  the  hot  mainstream  gives  up 
heat  to  the  coolant  film.  The  origins  of  the  mixing  motion  are,  in  addition  to  the  tur- 
bulence of  the  two  streams  at  the  entrance  their  velocity  difference  |wo  - W2 | , their 
temperature  and  density  differences  as  well  as  geometrical  influences.  In  order  that  the 
processes  could  be  considered  one-dimensional  the  radial  dependence  of  the  temperature 
and  the  velocity  are  therefore  considered  only  on  the  control  surface  (see  Fig.  11,  sur- 
face B-B)  between  the  main  and  the  cold  stream  at  the  distance  of  the  slot  height  plus 
half  lip  thickness  away  from  the  tube  wall.  According  to  the  model  the  turbulent  heat 
exchange  between  the  main  and  the  coolant  stream  therefore  takes  place  on  this  control 
boundary.  For  short  distances  from  the  point  of  injection  this  assumption  fully  is  justi- 
fied. For  larger  distances  z in  reality  there  is  more  or  less  a thicker  mixing  zone.  This 
means  that  the  restriction  at  the  assumed  control  surface  approximates  an  average  value 
in  the  radial  direction  in  the  mixing  zone.  In  Fig.  11  is  presented  a heat  balance  on  an 
element  of  coolant  stream  of  length  dz.  The  difference  in  the  heat  flow  rates  Qh  - Qa> 
between  outflow  and  inflow,  is  equal  to  the  heat  transport  from  the  mainstream AQc . As  a 
consequence  of  an  adiabatic  wall  there  is  no  heat  conduction  through  the  wall,  and  one 
has  that 

Qb  - ^a  = 

As  a result  of  the  heat  transport  (at  approximately  constant  velocity)  there  is  heating 
of  the  coolant  element, 

'^b  ■ '^a  ' *"2  °p2z  “3z^ 

Here  1112  denotes  the  mass  flow  rate  of  the  coolant  medium  and  t22;  represents  the  tempera- 
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ture  of  the  coolant  element  which  depends  on  the  distance  z. 


The  turbulent  exchange  can  be  readily  given  by  the  Boussinesq  relation.  The  turbulent 
heat  exchange  coefficient  Aq  can  be  added  to  the  molecular  heat  conductivity  X such  that 

^ ^ i? 

The  turbulent  heat  exchange  between  the  main  and  coolant  stream  can  be  calculated  by 


AQ^  = (2R-2s-l^)  n dz  (\  + Cp  A^)  ^ 


Prom  the  heat  balance  on  the  coolant  stream  element  with  the  help  of  Eq.  (2)  to  (5)  there 
is  obtained  the  following  equation  for  the  solution  of  the  problem, 


"2  ST 


- (2R-2S-1,)  n + A 1 ^ 


Under  the  assumption  that  the  temperature  of  the  coolant  stream  element  t2z  is  equal  to 
the  adiabatic  wall  temperature  which  has  been  proved  experimentally,  this  temperature 
can  be  determined  from  Eq.  (6).  To  accomplish  this  the  temperature  gradient  dt/dr  and  the 


turbulent  heat  exchange  coefficient  Aq  and  their  dependence  on  the  coordinate  z in  the 
flow  direction  must  be  known. 


Unfortunately,  there  are  neither  theoretical  nor  experimental  results  about  the  magnitude 
and  variation  of  Aq  in  the  vicinity  of  a film-cooled  wall.  There  exist  only  experiments 
for  the  determination  of  Aq  and  for  the  turbulent  Prandtl  number  A-j/Aq  for  boundary  layer 
flows  without  film  cooling.  These  results  show  the  dependence  of  the  wall  distance  and 
also  of  the  flow  direction  [7,  1^,  15]. 

One  can  therefore  proceed  in  the  following  way:  With  the  help  of  Eq.  (6)  and  the  knowledge 
of  dt/dr  as  well  as  dt2z/dz,  where  t2z  is  identical  to  the  adiabatic  wall  temperature, 

Aq  was  calculated  point  by  point  from  the  numerous  experimental  results  of  the  adiabatic 
wall  temperature  along  the  control  surface  B-B. 

In  Fig.  12  the  ratio  of  Aq  to  the  dynamic  viscosity  Uo2  is  presented  as  a function  of 
dimensionless  distance  z/s  from  the  point  of  injection.  This  curve  is  representative  of 
the  numerous  experiments  performed  and  shows  a characteristic  variation.  One  can  readily 
see  that  Aq/Uo2  i>  that  is,  the  turbulent  heat  exchange  coefficient  is  much  greater 
than  the  corresponding  molecular  value. 
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Similar  orders  of  magnitude  have  been  observed  by  others  [l6,  17].  As  can  be  further 
seen,  Aq  goes  through  a maximum  downstream  from  the  coolant  air  injection  point  and  then 
decreases  with  increasing  distance  z/s.  As  an  approximation,  the  variation  of  Aq  with 
the  dimensionless  tube  length  z/s  could  be  expressed  by 


A„  K_z/s 

= K,  + ^ T 

^o2  ^ (Kj+z/s)^ 


(7) 


The  constants  K^,  K2  and  K3  depend  on  the  injection  geometry  and  on  the  flow  parameters. 
These  constants  were  evaluated  from  experimental  data  with  the  help  of  the  n-theorem  of 
dimensionless  analysis  [18] . Three  characteristic  points  were  utilized  along  the  Aq  curve, 
namely  the  value  of  Aq  at  the  point  of  injection  and  the  position  of  the  maximum  of  Aq  in 
determining  the  constants.  At  the  point  of  injection  (z  = 0)  the  turbulent  heat  exchange 
between  the  main  and  coolant  streams  Aq  is  proportional  to  t^  velocity  difference 
between  the  two  streams  |w2  - wo|  , the  fluctuation  velocity  wJniax,  and  to  the  ratio  of  the 
lip  thickness  l(j  to  the  slot  height  s. 


*o2 


= l + l.il-lO 


1) 


z/s=o 


(1+- 


-“ol 


V/  * 1 

^max  , 
w„  ^ s ' 


0.25 


(8) 


Also, 


the  maximum  value  of  A,, 


^o2 


= 5-ao5  s 


0,6 


tn-  2.5 


6.5*10  ( 


) 

w ' w 
o o 


(9) 


and  the  distance  of  the  maximum  from  the  point  of  injection, 


z 

s Aq  inax 


(f) 


0.25 


(10) 


show  the  dependence  on  the  flow  characteristics  and  geometry.  For  w 4 max  the  greater  of 
the  two  longitudinal  velocity  fluctuations  of  the  main  and  coolant  streams  at  the  point 
of  injection  is  used. 


wl 


2max 


w„ 


(11) 


The  reason  for  this  is  that  the  turbulent  heat  exchange  is  promoted  by  the  velocity 
difference  between  the  two  streams  and  also  through  the  maximum  fluctuating  motion  which 
is  carried  into  the  mixing  zone  from  the  main  or  the  coolajit  stream  (see  Pig.  5). 

The  constants  Ki,  K2  and  K3  can  be  expressed  through  the  relation  (8)  to  (10)  by 
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K 
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2 
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^^02 

27 
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21  (_i 


z/s=0 


*o2 


^ A 


q max 


(12) 

(13) 

(lA) 


In  this  work  the  lip  thickness  was  held  constant  at  1^  = 0.5  mm  for  all  measurements.  In 
order  to  take  into  account  the  influence  of  the  lip  thickness  on  the  cooling  effectiveness 
experimental  results  of  Ballal  and  Lefebvre  [19]  , Kacker  and  Whitelaw  [ll,  20]  and  Siva- 
segaram  and  Whitelaw  [21]  were  utilized. 

The  variation  of  Aq/Uqs  therefore  the  dependence  of  all  film  cooling  parameters  as  a 
function  of  the  tube  length  z/s  can  be  calculated  from  Eqs.  (7)  through  (lA). 

The  temperature  gradient  dt/dr  on  the  control  surface  was  determined  from  the  temperature 
profile  measurements  (Fig.  10)  and  was  expressed  functionally  [3]  with  the  help  of  a,  so 
called,  mixing  thickness  and  the  mass  flow  ratio  of  the  two  streams.  After  the  introduc- 
tion of  the  dimensionless  coordinates  z/s  and  r/s  the  following  dependence  is  obtained. 


dt  . ^o  *^4  *^2  ~ ^2z 

d ^r j (Kg  + z/s) 


Where  the  constants  are  given  by 


K 


A 


m2  Cp2 
'"o  °Po 


(15) 


(16) 


O.OA25 

O.OOA  ♦ O.OOA75  e 


•11.5  n>2'’'''o 


s Kc 


(17) 

(18) 


With  the  knowledge  of  the  functional  dependence  of  Aq  and  the  temperature  gradient,  Eq. 
(6)  can  be  integrated  after  separating  the  variables.  After  some  rearrangements  the 
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dependence  of  the  cooling  effectiveness  n on  the  dimensionless  distance  from  the  point  of 
injection  z/s  can  be  expressed  as 


q = 

1 

Kjj  + l 

-K 

K^+z/s 

[h  * 

V *^12  *^13 

® Kg(K,  + z/s)  *^3*^^®' (K,  + z/s)^ 

(19) 

new  constants  are  given  by. 
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_2 
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The  molecular  quantities  do  not  appear  in  the  above  equation  since  they  are  negligibly 
small  in  comparison  to  An.  Eq.  (19)  gives  the  dependence  of  the  cooling  effectiveness  for 
tube  flow  on  z/s,  where  for  z/s  -*■  o the  effectiveness  q approaches  unity.  The  equation 
is  also  approximately  applicable  for  film  cooling  on  a flate  plate  when  small  changes  are 
made  in  the  relations  [3J  . 

In  the  following,  some  cnaracteristic  influence  parameters,  representative  of  the  experi- 
mental results  will  be  compared  with  the  calculations.  

As  Fig.  6 shows  the  influence  of  the  maximum  longitudinal  velocity  fluctuation  w^  max  is 
relatively  well  described  by  Eq.  (19).  The  solid  lines  give  the  calculated  cooling  effec- 
tiveness for  small  Wz  max  dashed  lines  the  calculated  variation  for  the  higher 

values  of  w^  max  • With  (19)  the  influence  of  turbulence  on  film  cooling  for  the  first 
time  can  also  be  described  in  terms  of  the  maximum  longitudinal  velocity  fluctuation  of 
the  main  and  coolant  streams. 

Also,  the  influence  of  the  various  slot  heights  s and  different  velocity  ratios  of  the 
coolant  and  main  streams  can  be  described  with  the  derived  expression.  The  curves  in  Fig. 

7 give  again  the  calculated  cooling  effectiveness  for  three  measured  data  sets  at 
different  slot  heights  s for  equal  mass  flow  ratio  of  the  coolant  and  main  streams. 

In  Pig.  8 experimentally  determined  cooling  effectiveness  are  presented  for  five 
distances  z from  the  point  of  injection  as  a function  of  the  velocity  ratio  w2/wo  and 
compared  with  the  values  calculated  from  Eq.  (19)  (solid  line).  The  essential  result  of 
this  presentation  is  that  the  derived  equation  describes  a maximum  cooling  effectiveness 
for  wj/wp  «•  1 at  small  distances  from  the  injection  point.  This  maximum  was  not  given  by 
any  earlier  theoretical  or  semiempirical  relations  even  though  it  has  been  always  ob- 
served experimentally. 

The  experimental  results  are  described  relatively  well  by  the  equation.  The  differences 
between  measurements  and  calculations  amount  less  than  10  % for  all  experimental  condi- 
tions . 

5.  CONCLUSION 

The  investigation  shows  that  the  turbulence  of  the  main  and  coolant  streams,  characterized 
by  the  maximum  longitudinal  velocity  fluctuation  wj max  > has  the  same  influence  on  film 
cooling  effectiveness  as,  for  example,  velocity  ratio  and  slot  height  especially  for 
velocity  ratios  of  coolant  and  main  stream  W2/wo  z 1.  The  turbulence  in  both  streams  must 
also  be  taken  into  account  in  film  cooling  problems  as  other  parameters. 
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DISCUSSION 


D.K.Hennecke,  Germany 

I want  to  compliment  you  on  your  interesting  paper.  You  show  that  the  turbulence  of  the  coolant  stream  has  a 
very  large  influence  on  film  cooling  effectiveness.  And  this,  to  my  knowledge,  has  not  been  investigated  before. 

In  the  light  of  your  results  one  may  perhaps  more  easily  understand  why  the  various  film  cooling  configurations  that 
Mr  Buisson  showed  earlier  this  afternoon  display  quite  different  effectiveness.  Depending  on  the  geometry  of  the 
configuration,  the  turbulence  of  the  coolant  at  the  end  of  the  lip  may  be  different  and  influence  the  film  cooling 
effectiveness. 


ir*'* 


18-1 


HIGH  TEMPERATURE  Hj-AIR  VARIABLE  GEOMETRY  COMBUSTOR 
AND  TURBINE:  TEST  FACILITY  AND  MEASUREMENTS 

by 

L.  MarCorano  and  D.  Dinl 
Centro  per  1 'Autotnatica  E.  Piaggio 
56100  Pisa,  ITALY 


SUMMARY 

A new  design  concept  for  gas  turbine  H2“Air  combustor  is  presented  and  its  potential  verified  by  experimen 
tal  data.  In  developing  the  test  facility  and  program,  performance  parameters  variation  have  been  consi- 
dered. In  such  a high  temperature  flow,  reactions  approach  rapidly  to  chemical  equilibrium. 

The  research  has  been  largely  concerned  with  investigation  into  the  combustor  performance  with  a view  to 
the  use  of  H2“Air  in  conventional  variable  geometry  gas  turbines. 

Proposals  and  development  for  varying  and  controlling  the  air  flow  distribution  characteristics  appear  fe£ 
sible  and  worthy  of  further  research  work. 

Encouraging  results  are  given  by  the  first  high  temperature  tests  carried  out  on  variable  geometry  combus- 
tor and  turbine  blading. 

LIST  OF  SYMBOLS 

T * static  temperature,  ®R 

V » specific  volume,  cubic  ft/lb 

p * static  pressure,  psia 

t * running  time,  seconds 

P * weight,  lb 

P * vei^t  flow,  Ib/sec 

w ■ air  speed,  ft/sec 

W - power,  HP 

u • peripheral  blade  speed,  ft/sec 
P * equivalence  ratio 

“ air-fuel  ratio 
f ■ fuel-air  ratio 

Aw  ■ peripheral  change  of  flow  speed,  fl/sec 
c * nozzle  exit  speed,  ft/sec 
550  lb-feet  - 1 HP 

1545.6/25.4  • 1A4  • gas  constant,  ft/®R 
Q • Hydrogen  heat  of  combustion,  BTU/lb 
c ■ constant  pressure  specific  heat,  BTU/lb  ®R 
• combustion  efficiency 
n ■ expansion  efficiency 

n * polytropic  exponent 


m * molecular  weight 
g » gravity  acceleration  ft/sec^ 

SUBSCRIPTS 

1 ° air  in  the  storage  system 

2 B 3I].  downstream  the  regulating 

valve 

3 ■ combustion  conditions 

4 ■ static  nozzle  exit 

g “ gas 


INTRODUCTION 

The  use  of  H2~Air  combustion  mixtures  as  a possible  operating  fluid  for  aircraft  gas  turbines  has  been  con 
sidered  for  a number  of  years.  Among  the  many  problems  associated  with  the  use  of  this  mixture  are  those 
of  efficient  burning  under  a variety  of  conditions. 

Of  the  coniDon  fuel-oxidant  systems,  the  H2~Air  system  is  probably  the  simplest,  the  one  about  which  much 
of  the  chemistry  is  known,  and  the  one  about  which  there  is  the  greatest  likelihood  of  learning  more. 

One  of  the  main  problems  in  gas  turbine  combustors  is  the  assurance  of  stable  con^ustion  of  the  H2~Air  mix 
ture  during  the  process  of  free  turbulent  mixing  of  high  speed  axial  gas  flows  and  chemical  reactions  in 
the  mixing  zone*  To  extend  the  domain  of  stable  combustion,  it  is  necessary  to  assure  such  concentrations 
of  the  intermediate  reaction  products  in  the  stream  being  mixed  as  would  "catalyze"  the  reaction,  assuring 
its  rapid  and  stable  progress;  this  expecially  under  conditions  at  which  spontaneous  ignition  do  not  oc- 
cur. 

This  investigation,  for  a large  variety  of  equivalent  ratios  (H2~Alr  ratio  divided  by  stoichiometric  H2*Air 
ratio  mixture  composition),  could  be  carried  out  experimentally  by  a pre-mixed  variable  area  combustor, 
supplied  by  fuel-oxidant  mixture  in  a wide  field  of  temperature  and  pressure  levels.  In  order  to  do  that 
conveniently  from  the  point  of  view  of  exercise  expenses,  an  existing  intermittent  blow-down  wind  tunnel, 
associated  to  an  ejector,  was  used  for  collecting  air  and  gaseous  hydrogen  into  the  combustion  chamber. 
High  pressure  exhaust  gases  could  reach  atmospheric  level  by  expansion  in  an  action  single  stage  variable 
geometry  turbine.  Turbine  power  was  driving  an  hydraulic  dynamometric  brake. 

Due  to  the  small  power  turbine,  in  the  field  of  150-350bhp,  it  was  possible  to  operate  with  relatively 
small  combustor  and  air  supply.  Moreover,  investigation  could  be  carried  out  with  different  kinds  of  tur- 
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bine  blading,  siioply  using  each  time  the  same  rotor.  Heat  transfer  to  the  blades  was  limited  by  the  short 
duration  blowdown  discharge. 

The  authors  are  expert  in  designing  H2'Air  supplied  reciprocating  engines,  and  aircraft  and  missile  gas 
turbine  engines. 

TEST  FACILITY  FOR  VARIABLE  GEOMETRY  H2-AIR  COMBUSTOR  AND  TURBINE 

Our  variable  combustor  and  turbine  assembly  is  supplied  by  an  existing  intermittent  blowdown  wind  tunnel, 
that  can  run  steadily  only  for  a limit  period  of  time,  100  "f  200  seconds,  because  of  the  capacity  system, 
figure  1,  used  for  the  air  supply.  In  this  blow-'down  tunnel,  the  air  is  stored  in  containers  at  high 
pressure  (no  more  than  50  atmospheres)  and  discharged  across  the  connecting  high  pressure  pipe  to  a pres- 
sure control  system,  before  operation  in  the  con^ustion  chamber  and  exhaust  to  the  atmosphere  through  the 
turbine. 

Operating  flexibility  is  such  that  mass  flow,  pressure  and  temperature,  both  for  air  and  gaseous  hydrogen, 
as  well  as  combustor  and  turbine  variable  geometry,  may  be  changed  as  wanted.  This  occurs  because  of:  a 
discharge  variable  nozzle  to  the  atmosphere  downstream  the  air  pressure  control  system;  an  air  heat  trans- 
fer; and  an  axisynmetric  air  and  gaseous  hydrogen  free  turbulent  mixing  through  an  ejector  system. 

The  test  running  time  can  vary,  depending  on  the  pressure  level  and  capacity  of  the  containers  used  (4,  8, 
12,  16  or  20  cylindrical  containers,  63.5  cubic  feet  each  as  volume)  and  on  the  weight  flow  per  second 
supplying  the  turbine.  After  each  run  the  containers  are  brought  back  to  the  conditions  existing  before 
the  run  by  means  of  compressors  with  aftercoolers,  water  and  oil  separators,  and  dryers. 

The  pressure  and  the  temperature  of  the  air  inside  the  containers  vary  during  the  run,  because  of  the  ex- 
pansion of  the  air  and  the  heat  transmitted  from  the  walls. 

The  pressure  regulating  valve  in  the  control  system  is  adjusted  manually  before  each  run  according  the 
average  pressure  wanted  in  the  combustor.  Therefore,  weight  flow  per  second,  pressure  and  temperature 
vary  downstream  this  control  system.  That  is  the  reason  because  in  a run  lasting  more  minutes,  only  ICX)  t 
200  seconds  may  be  considered  steady  for  the  test  in  progress.  A lot  of  flexibility  is  offered  by  the  tu£ 
bine  and  hydraulic  dynamometric  brake  in  absorbing  variable  cond>ustion  gas  power  during  initial  and  final 
running  time. 

A capacity  heating  system  absorbing  heat  from  the  atmosphere  is  not  sufficient,  as  the  mixing  temperature 
in  front  of  the  combustion  chamber  has  to  be  higher  than  atmospheric.  Heating  is  performed  in  a separate 
hot  gas  plant,  installed  in  the  main  line  between  the  pressure  control  valve  and  the  gaseous  hydrogen  mix 
ing  zone. 

By  reason  of  the  physical  properties  of  liquid  hydrogen,  a superinsulated  vessel  is  used,  in  which  heat 
flow  of  radiation  between  internal  and  external  surfaces  is  reduced  by  interposing  shields  of  aluminium 
foils  and  thin  layers  of  fibre  glass.  A centrifugal  pump,  designed  for  fully  submerged  operation,  oper- 
ates for  delivering  liquid  hydrogen  in  a linear  heat  exchanger,  from  which  the  gaseous  hydrogen  forms  an 
annular  coaxial  stream  with  the  central  air  stream,  before  turbulent  mixing  in  different  equivalence  ratio 
at  the  entrance  of  the  combustor. 

The  combustor  has  been  designed  to  meet  the  requirements  of  variable  geometry  combustion. 

Turbine  flow  capacity  can  be  changed  restricting  the  annulus  area. 

The  test  facility  has  shown  the  necessary  flexibility  to  carry  out  a complete  set  of  experimental  data  on 
H2-Air  combustion  for  modern  gas  turbines. 

THERMODYNAMIC  DESIGN  OF  THE  TEST  FACILITY 

The  air  storage  system  in  figure  1 is  suitable  for  steady  combustion  tests  in  the  range  of  pressure  from 
14.696  psia  to  285  psia.  Constant  mass  flow  may  be  lasting  60  seconds  as  minimum  for  the  highest  pres- 
sure . 

Air  flow  is  started  by  opening  a pneumatic  geared  actuator  gate  valve,  through  which  a given  weight  flow 
at  any  given  stagnation  pressure  is  delivered  to  a control  system  which  connects  the  storage  system  to  the 
combustion  chamber  and  turbine  exhaust  system  in  the  atmosphere.  The  pressure  and  the  temperature  of  the 
air  inside  the  storage  cylindrical  containers  vary  during  the  run.  Do'vnstream  of  the  control  system,  the 
pressure  is  kept  at  a wanted  constant  value  by  means  of  a manually  operated  pressure-regulating  valve  (one 
for  each  required  weight  flow),  sensitive  to  the  pressure  in  the  combustion  changer.  The  valve  open  grad- 
ually during  the  run.  The  temperature  in  the  storage  containers  decreases  because  of  the  expansion  of  the 
air  and  decreases  across  the  pressure  regulating  valve  because  of  the  Joule-Thomson  effect.  The  initial 
temperature  of  the  air  and  of  the  flasks  is  equal  to  or  close  to  atmospheric.  During  the  expansion  proc- 
ess, heat  is  transmitted  from  the  walls  of  the  containers  and  pipes  to  the  air.  The  heat  transmission 
from  the  walls  and  the  Joule-Thomson  effect,  which  decreases  when  the  pressure  in  the  storage  tanks  de- 
creases, tend  to  decrease  the  drop  of  the  teiq>erature  of  the  air  to  the  mixing  zone  of  the  combustion  cham 
ber. 

For  our  low  rates  of  weight  flow,  the  relative  stagnation  temperature  varies  very  slowly  or  remains  about 
constant  with  time.  Therefore,  no  control  temperature  is  required.  The  heating  system  is  required  to  keep 
the  stagnation  tenperature  constant  for  larger  rates  of  weight  flow. 


/ ' > t 


I8'3 


Applying  thermodyuamic  laws  and  heat  balances  Co  a weight  air  flow  from  a 1.181  inches  exit  diameter  regu** 
lacing  valve,  downstream  of  a four  container  vertical  row  for  the  total  internal  capacity  of  254.23  cubic 
feet  (one  of  the  rows  on  figure  1),  in  which  air  is  supplied  at  734.8  psia  and  delivered  downstream  at 
44.088  psia,  one  obtains: 

- 528^R,  as  initial  static  temperature  in  the  containers; 

- 934.88  lb,  as  initial  air  weight  in  the  containers; 

- 0.272  cubic  feet/lb,  as  initial  air  specific  volume; 

* air  in  the  containers  during  running  time  t:  specific  volume  yj , static  temperature  T^,  static  pressure 
pp  weight  P; 

* air  at  the  exit  of  the  regulating  valve:  weight  flow  P,  specific  volume  V2,  static  temperature  T2,  static 
pressure  p2>  air  speed  W2; 

- during  the  time,  flow  parameters  are  changing  as  in  the  following  Table: 


t 

0 

30 

60 

90 

120 

150 

180 

210 

240 

270 

300 

0.272 

0.293 

0.320 

0.344 

0.376 

0.414 

0.462 

0.520 

0.597 

0.691 

0.814 

T] 

52tt.O 

508.0 

490.2 

475.8 

457.8 

439.8 

409.8 

390.0 

368.4 

345.9 

323.4 

Pi 

734.8 

662.3 

584.3 

527.7 

465.5 

405.8 

348.5 

295.3 

243.2 

197.7 

156.9 

P 

933.88 

869.5 

804.4 

739.9 

675.9 

612.7 

550.1 

488.9 

426.5 

368.0 

311.7 

P 

— 

2.175 

2.150 

2.135 

2.108 

2.084 

2.042 

2.023 

1.949 

1.871 

1.773 

''2 

— 

3.51 

3.99 

3.31 

3.23 

3.15 

3.06 

2.94 

2.83 

2.72 

2.59 

T2 

— 

401 

391 

383 

373 

362 

342 

330 

317 

303 

290 

P2 

— 

44.088 

44.088 

44.088 

44.088 

44.088 

44.088 

44.088 

44.088 

44.088 

44.088 

"2 

“ 

1004 

958 

928 

896 

863 

820 

804 

725 

669 

604 

In  a running  time  of  five  minutes,  the  weight  flow  is  decreasing  only  18.5%.  But,  for  thermodynamic  meas* 
urements,  constant  flow  may  be  considered  during  one  minute  of  discharge;  for  instance,  from  30"  to  90", 
the  weight  flow  is  decreasing  1.84%,  with  exit  temperature  T2  about  constant  (AT2  ■ 10®R).  Expansion  is 
computed  by  the  expression  pv^  * constant,  where  n * 1.0955  (corresponding  to  an  expansion  efficiency 
n - 0.3). 

The  pressure  recovery,  due  to  kinetic  energy  drop  at  the  combustion  chamber  entrance,  is  about  lost  in  the 
mixing  process  with  gaseous  hydrogen. 

Using  an  equivalence  ratio,  p • (H2/Air)/(H2/Air)g^Q£^j^  » ^^^stoich  * (where  f is  fuel-air  ratio)  « 

* '^stoich^’i'  (where  is  air-fuel  ratio),  we  obtain,  because  of  combustion 


AT  » eQ/c  (1  •♦•  '/')  * EQ(f  . , •u)/c  (f  . •u  + 1) 
p stoich  p stoich 


(1) 


in  which,  Q,  c and  c^  are,  respectively,  hydrogen  heat  of  combustion,  combustion  efficiency  and  specific 
heat  at  constant  pressure. 


Introducing  the  numerical  values 

Q - 51,590  BTU/lb,  e » 0.96,  c - 0. 378  BTU/lb®R  f 


stoich 


0.029156 


the  conbustion  temperature  and  the  exhaust  speed  C4  from  an  expansion  nozzle  to  atmosphere  become,  approx^ 
mately 


c^-0.95  /2g  . n • 1546.6  • 1900  |l  - (14,696/44.088)^"'  Dm  + w^  - 2540  ft/sec 

with  n * 1.35,  w « 164  ft/sec,  g * 32.2  ft/sec^  and  m ■ 25.4  ■ molecular  weight 

Referring  to  figure  2 and  3,  we  get,  for  a single  stage  action  turbine,  having  the  following  characteris- 
tics : 


- blade  tip  diameter 

- blade  hub  diameter 

- blade  peripheral  speed 


0.944  feet 
0.708  feet 
u ■ 984  feet/sec 

Aw  * 2930  ft/sec 

Vj  - 1545.6  • 1900/25.4  • 44.088  • 144  - 18.21  £t>/lb 
- vj(44. 088/14. 696)^^“  - 41.09  ftVlb 
« ii|(0. 472)2  . (0.354)2  I c^  sen  20  • 0.33/v^  - 2.135  Ib/sec 
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(where  0.33  is  the  nozzXe  arch  of  blading  periphery) 


W ■ P • Aw  • u/g  • 550  • 347.6  HP 
g 

This  power  is  provided  by  such  a single  stage  action  turbine,  about  60  second  from  the  opening  of  the  ac* 
tuating  gate  valve. 

If  the  same  single  stage  action  turbine  is  supplied  by  eight  of  the  containers  in  figure  1,  with  a total 
air  capacity  of  508.5  cubic  feet  at  734.8  psia,  the  temperature  and  pressure  p^  drops  are  quite  less 
(curves  1 in  figure  4)  and  a constant  weight  flow  may  be  obtained  for  a double  running  time. 

Referring  now  to  figure  5,  we  get,  for  a single  stage  reaction  turbine,  supplied  by  sixteen  of  the  con- 
tainers in  figure  1,  with  a total  air  capacity  of  1017  cubic  feet  at  734.8  psia,  the  temperature  Tj  and 
pressure  p^  drops  shown  (curves  3)  in  figure  4. 

With  a reaction  degree  of  0.5,  the  flow  is  undergoing  an  expansion  in  the  static  nozzles,  along  the  total 
periphery  from  44.088  to  26.453  psia,  and  another  expansion,  in  the  dynamic  nozzles  along  the  rotating 
blades  from  26.453  to  14.696  psia,  figure  5. 


ct,  - 2540//2  = 1801  feet/sec 


Aw  * 2398  feet/sec;  Vj  * 18.21  cubic  feet/lb 
P^  - 7t|(0. 457)2  - (0.354)2|  . 1801  • sen  20VV4  6.08  Ib/sec 
W - (6.08  • 2398  • 984)/32.2  • 550  = 810  HP 


For  testing  purposes,  the  same  turbine  assembly  was  used.  Only  the  stator  vanes  and  the  rotor  blading 
were  changed  and  manufactured  according  the  very  short  test  duration. 

The  weight  flow  supplied  by  the  1.181  inches  diameter  regulating  valve  was  varying  from  initial  6.18  to 
5.72  Ib/sec  after  6 minute  running  time.  In  the  same  period  of  time,  the  temperature  and  velocity  are 
decreasing  from  T2  “ 413®R  to  320®R  and  from  w ■ 997  ft/sec  to  705  ft/sec. 

Constant  conditions  may  be  accepted  during  the  running  time  from  30  to  120  seconds,  in  which,  downstream 
weight  flow,  temperature  and  velocity,  range,  respectively,  from  6.18  to  6.07  Ib/sec,  405  to  377®R,  and 
997  to  935  ft/sec. 


Referring  to  figure  6 (modified  free  discharge  Wright  turbine),  we  carried  out,  for  a single  stage  action 
turbine,  supplied  by  four  of  the  containers  in  figure  1,  with  a total  air  capacity  of  254.25  cubic  feet 
at  734.8  psia,  the  tenq>erature  Ti  and  pressure  p^  drops  shown  (curves  2)  in  figure  4,  according  a 0.738 
inches  exit  diameter  regulating  valve. 

During  the  combustion  tests,  the  hydraulic  dynamometric  brake  took  up  139  HP  of  power,  according  the  tur- 
bine mechanical  design.  Weight  flow,  downstream  temperature  and  velocity,  could  be  considered  at  the  con 
stant  values  of  0.841  Ib/sec,  400"R  and  1000  ft/sec. 

In  the  same  conditions  of  figure  2 and  page  3,  we  got  (0.13  as  nozzle  arch  blading  periphery) 

- ii|(0. 472)2  . (o.354)2|  . c^  sen  20-0,13/v4  - 0.841  Ib/sec 

W - P • Aw  • u/g  • 550  ■■  136.9  HP 
8 

Experimentation  was  conducted  for  the  above  mentioned  lean  mixture  ratio  (equivalence  ratio  u » 0.4)  corr£ 
sponding  to  combustion  temperature  Tj  * 1900®R  at  P3  * 44.088  psia.  Operation  is  possible  for  higher  and 
lower  values  of  u,  T3  and  P3. 

Hydrogen  handling  - By  reason  of  physical  properties  of  liquid  hydrogen,  high  efficiency  thermal  insula- 
tion must  be  adopted.  Our  small  5.3  cubic  feet  superinsulated  storage  vessel,  figure  7,  contains  a refle£ 
ting  layer  type  insulation  together  with  a hard  vacuum  in  the  double  jacket  interspace.  Radiation  between 
the  two  coaxial  surfaces  is  reduced  by  interposing  n shields.  The  stainless  steel  inner  vessel  is  s4itable 
for  a working  pressure  of  73.50  psia. 

Figure  7 shows  a general  schematic  diagram  of  the  hydrogen  system  from  the  vessel  Ref.  4.  In  the  vaporiz- 
ing circuit,  firstly,  a route  I was  tried,  and  liquid  hydrogen  flowed  in  the  heat  exchanger  by  gravity. 

As  the  heat  exchanger  was  located  under  the  floor,  and  it  had  a sufficiently  large  heating  surface,  it  was 
expected  to  vaporize  the  liquid  hydrogen,  and  its  ten^erature  was  to  rise  near  the  ambient  air  in  a very 
short  time.  Then,  the  warmed  hydrogen  gas  was  expected  to  return  to  the  tank  and  promote  the  vaporization 
so  that  to  raise  the  pressure  in  the  system  soon. 

In  practice,  however,  when  the  liquid  level  in  the  tank  was  lower  than  about  a half,  the  rate  of  the  vapo£ 
ization  became  so  slow  as  to  be  insufficient  for  the  combustion  chamber  operation. 

Secondly,  a gas  pumps  was  incorporated  to  flow  the  hydrogen  by  force  in  the  opposite  direction. 

Effort  was  made  to  rise  the  temperature  of  hydrogen  gas  as  warm  as  possible  at  the  entrance  of  the  combus- 
tion chamber  intake  port'  Therefore,  hydrogen  was  conducted  through  a not  insulated  tube  to  the  intake 
port.  In  practical  running,  the  average  temperature  of  the  compressed  hydrogen  gas  was  about  400®R*  Hy- 
drogn-air  mixing  was  at  constant  pressure  and  temperature. 

Hydrogen  has  often  been  used  as  a fuel  in  combustion  with  air,  because  of  its  high  burning  velocity,  wide 
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f lamiability  range,  high  heating  value  per  unit  weight,  and  great  flame  stability. 

From  the  relation  between  equivalence  ratio  p and  volume-percent  hydrogen  for  H2~Air  mixtures,  we  have 
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u - 0.2 

p - 0.4 

p “ 0.6 
p - 0.8 
p - 1.0 
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Figure  8 is  a schematic  representation  of  the  flow  situation  encountered,  with  the  prediction  of  the  ax- 
isymnetric  free  turbulent  mixing  and  combustion  between  a central  cold  hydrogen  jet  and  coaxial  air-stream. 
To  assure  conditions  for  the  self-ignition  of  the  hydrogen  escaping  from  the  central  nozzle,  the  air  is 
heated  because  of  combustion  of  a small  quantity  of  hydrogen  in  the  pre-chamber. 

The  flammable  range  is  widened  by  heating  the  unbumed  mixtures.  That  is,  because  the  lean  limit  occurs 
at  lower  concentrations  and  the  rich  limit  at  higher  concentrations  as  the  mixture  teoperature  is  increas 
ed.  For  p * 0.4  (14%  by  volume  of  H2  in  air)  and  mixture  initial  temperature  T2  ■ 400^R,  the  theoretical 
flame  temperature  at  44.088  psia  is  around  1980^R. 

Combustion  takes  place  in  the  inner  mixing  region  between  the  two  streams  where  oxygen  and  hydrogen  are 
brought  together  at  a temperature  which  is  higher  than  the  self  ignition  temperature. 

The  liquid-gaseous  hydrogen  fuel  system  in  figure  7 has  been  designed,  considering  heat  exchanges  from  an 
external  high  temperature  source  before  the  hydrogen  pump  and  from  the  atmosphere  temperature  along  the 
tube  connecting  the  hydrogen  vessel  and  the  central  cylindrical  nozzle  in  figure  8. 

The  governing  equations  for  the  coaxial  mixing  of  two  dissimilar  gases  including  heat  release  by  chemical 
reactions  in  the  mixing  region  were  approximately  applied  in  designing  the  flow  field  with  combustion  on 
figure  8.  The  Navier-Stokes  equations  of  motion,  the  conservation  of  mass,  the  conservation  of  species, 
and  tHe  energy  equation  for  a compressible  flow  were  considered  in  the  instantaneous  form,  assuming  that 
the  potential  core  region  and  the  outer  jet  region  consisted  of  chemically  frozen,  inviscld,  and  steady 
axisynmetric  flow  with  body  forces. 

Variable  geometry  combustion  chamber  - The  combustion  has  been  designed  to  meet  the  requirements  of  a 
pre-mixed  variable  geometry  chaiid>er.  Including  the  possibility  of  operation  in  a wide  field  of  equivalence 
ratios,  pressures  and  temperatures. 

The  combustor  may  be  considered  as  comprising  three  zones,  primary,  secondary  and  dilution.  The  air  ad- 
mitted in  the  primary  zone  is  controlled  by  the  moveiaent  of  the  baffle;  the  remaining  air  ports  (secondary 
holes,  dilution  holes, film  cooling  devices)  have  constant  cross-sectional  areas.  For  varying  and  control- 
ling the  air  flow  distribution  characteristics  a vortex  has  been  applied  to  a short  diffuser.  Ref.  1 and 
2,  requiring  a small  fraction  of  the  main  stream  air  to  be  bled  from  the  vortex  chamber  to  maintain  stabil 
ity. 

Even  though  the  hydrogen  and  air  are  premixed,  an  intermediate  zone  is  required  to  prevent  abrupt  quench- 
ing of  any  partially  completed  reactions  of  the  gases  emerging  from  the  primary  zone. 

The  dilution  zone  is  entirely  conventional  and  requires  no  further  comment. 

Variable  geometry  turbines  - With  variable  geometry,  the  off  design  behaviour  can  be  influenced  to  a de- 
gree exceeding  the  limit  set  by  the  RPMs  of  the  controlled  rotor. 

Figure  9 depicts  a schematic  view  of  an  adjustable  turbine  stator. 

The  stator  variable  geometry  is  being  used  to  inq>rove  the  fuel  consumption.  As  turbine  inlet  temperature 
is  modified,  the  turbine  nozzle  area  can  be  changed  to  allow  (in  the  coiq)lete  engine)  the  compressor  to 
remain  at  its  design  point. 

With  fixed  geometry  turbines,  there  is  only  one  flow-peripheral  speed  relationship.  It  is  desiderable  to 
change  this  relationship  in  order  to  improve  the  performance,  or  to  use  different  kind  of  bladings  on  the 
same  rotor  disk  for  our  testing  purposes.  Turbine  flow  capacity  can  be  changed  by  restaggering  the  stator 
blades,  allowing  the  flow  to  be  increased  above  nominal,  or  by  restricting  the  stator  blades. 

Restricting  the  annulus  area  is  possible  by  mechanically  introducing  an  obstruction  into  the  flow,  for 
instance  by  attaching  wedges  to  the  casing  inside  the  blade  passages,  or  by  introducing  an  obstruction  in- 
to the  flow  through  air  injection  in  annular  grooves  both  ahead  of  and  behind  the  stator  and  in  slot  at 
the  stator  throat. 

With  better  materials  technology,  variable  geometry  in  the  hot  parts  of  gas  turbines  appears  feasible,  and 
development  of  variable  turbine  advanced  gas  generators  have  been  initiated  by  manufactures  of  regenera- 
tive gas  turbines,  because  of  operation  at  a practically  constant  specific  fuel  consuiq>tion.  Varying  the 
power  turbine  capacity  permits  a free  selection  of  the  gas  generator  operating  point.  This  can  be  used 
to  ensure  sufficient  surge  margin  for  all  operating  conditions.  The  handling  improvement  obtained  by  this 
means  can  eliminate  the  necessity  for  variable  compressor  geometry  or  air  bleeding.  Ref.  3. 

A variable  geometry  turbine  must  have  a range  of  some  60^  through  which  the  vanes  can  be  turned,  in  order 
to  meet  all  engine  requirements.  This  range  provides,  figure  10,  continurus  coverage  from  the  smallest 
throat  area  up  to  the  neutral  position  with  the  largest  throat  area. 


An  axial  one  stage  variable  geometry  action  turbine  was  designed,  and  its  operating  characteristics  were 
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investigated  by  means  our  test  facility  on  figure  1.  The  flow  upstream  of  the  test  turbine  was  generated 
by  means  of  the  H2~  Air  combustion  chamber,  for  the  above  mentioned  short  blowdown  running  time. 

In  a series  of  tests,  torques,  efficiences  and  weight  flows  were  measured  at  various  vane  turning  angles, 
as  a function  of  specific  work  at  different  peripheral  speeds,  comparing  results  with  predicted  perform- 
ances . 

A further  special  feature  of  variable  nozzle  guide  vane  geometry  is  the  changing  spacing  between  vane  traU 
ing  edges  and  rotor  blade  leading  edges,  in  order  to  study  the  possibility  of  resonance  excitation. 

Special  instrumentation,  capable  of  high  response  as  well  as  steady-state  outputs,  is  being  experienced. 
The  parameters  of  primary  interest  are  pressures,  tenq>eratures , and  vibrations.  Dynamic  sensing  requires 
at  least  one  sensing  probe,  figure  11,  for  each  parameter  being  measured. 

For  pressure  measurements,  strain  gauges  are  used,  capable  of  measuring  to  within  0.05  percent  over  the 
full  instrument  range. 

For  temperature  measurements,  fluidic  sensors.  Ref.  6,  operate  on  the  principle  of  an  edge-tone  resonator. 
Turbulent  flow  entering  the  inlet  of  the  sensor  generates  a tone  with  a frequency  that  is  proportional  to 
the  acoustic  velocity  and  the  length  of  the  acoustic  path. 

Glass  fibre  reinforced  materials  for  testing  turbine  blading  - Composite  materials  as  used  in  gas  turbine 
static  structures  are  being  used  for  turbine  blades  and  their  joint  rings,  undergoing  high  temperature  gas 
flow  for  a very  short  duration  (less  than  200  seconds).  In  this  way,  it  is  possible  to  build  inexpensive 
stator  and  rotor  turbine  bladings,  each  time  applied  on  the  same  disk,  in  ordet  to  carry  out  a large  variie 
ty  of  turbine  tests,  according  the  previous  purposes  to  gain  experience  on  H2~Air  combustion  mixtures  at 
different  pressures  and  temperatures. 

There  are  a number  of  materials  which  have  greatly  enhanced  strengths  when  they  are  produced  in  a fine 
filament  form.  The  most  important  fibre  materials  at  present  available  are  glass  fibre,  carbon  fibre, 
and  boron  fibre.  An  application  of  special  interest,  using  plastic  materials  reinforced  by  glass  fibres, 
is  the  air  intake  duct  for  the  engine  T.64  installed  in  the  FIAT  G222  aircraft. 

In  our  case,  the  material  operating  teiiq>eratures  have  no  time  to  reach  critical  values.  Therefore,  the 
use  of  present  synthetic  resin  plastic  matrix  material  is  not  restricted.  As  it  is  known,  in  order  to 
make  use  of  glass  fibres,  they  have  to  be  embedded  in  a suitable  matrix,  so  that  the  product  can  have  ri- 
gidity and  accuracy  of  form. 

The  structure  of  the  blade  ring  containment  must  be  provided  with  reinforcement  in  the  plane  of  the  stator 
or  rotor  disk  able  to  support  the  vanes  or  blades  detached  in  case  of  failures. 

H2-AIR  VARIABLE  GEOMETRY  CCMBUSTION  CHAMBER 

For  varying  the  air  flow  distribution  characteristics  during  coit^ustion,  in  order  to  have  different  gas 
mixture  equivalence  ratios  and  teiif>eratures , a vortex  flow  control  device  was  used,  Ref.  1 and  2. 

To  retain  a stable  vortex  and  to  have  the  required  variation  in  primary  zone  flow,  by  recircolation  from 
the  secondary  zone,  an  air  bleed-off  was  provided.  A vortex  controlled  diffuser  was  described  in  Ref.  7, 
which  relied  solely  on  the  aerodynamic  design  of  cusps  in  the  diffuser  walls  to  locate  vortices  in  a man- 
ner as  shown  in  figure  12.  By  the  air-bleed  system,  air  is  extracted  from  a port,  entered  the  actuator 
assembly  and  passed  through  a filter  to  the  atmosphere.  A small  portion  of  this  air  is  bled  through  an 
orifice  to  an  external  line  which  directs  it  to  a slide  valve  located  on  the  hydrogen  regulator  housing. 

In  this  way  it  was  possible  to  carry  out  H2-Air  coiid>ustion  tests  with  equivalence  ratios  p ■ 0.4  to  p * 

■ 0.8.  Figure  13  is  showing  a schematic  view  of  the  combustion  chamber. 

To  determine  analitically  the  local  values  of  the  average  flow  field  parameters,  a computational  model 
was  developed  which  includes  the  numerical  solution  of  the  conservation  equations  for  the  boundary  layer. 
The  governing  equations  are  reduced  to  the  boundary  layer  type  form  by  assuming  the  negligibility  of  dif- 
fusion in  the  axial  direction  and  of  energy  transfer  by  conduction  in  the  axial  direction,  and  the  depen^ 
ence  of  viscous  shear  stresses  primarily  in  the  radial  gradient  of  axial  velocity. 

The  numerical  method  of  solution  for  computing  the  lines  of  constant  flow  quantities  in  the  mixing  zone, 
figure  8,  is  provided  by  Ref.  8. 

A comparison  between  the  computation  and  the  results  of  experimental  investigation  shows  that  the  location 
of  the  visible  flame  boundary  is  closer  to  the  nozzle  exit. 

The  first  steps  of  our  test  facility  were  concerning  setting  up  of  the  main  components  for  handling  hydro- 
gen, from  liquid  to  gaseous  state,  solving  a lot  of  complex  problems  introduced  by  the  high  temperatures 
of  combustion,  even  though  at  low  equivalence  ratios.  As  a first  approach,  the  flame  temperatures  increase 
almost  linearly  with  initial  mixtures  temperature.  As  the  composition  approaches  stoichiometric,  however, 
dissociation  becomes  more  important,  and  flame  temperature  less  dependent  on  initial  mixtures  teiq>erature . 

In  high  teo^erature  combustion,  the  approach  to  chemical  equilibrium  is  rapid.  When  the  gas  undergoes  an 
expansion,  as  in  turbine  nozzles,  the  chemistry  is  initially  near  to  equilibrium.  The  fall  in  tenperature 
consequent  upon  the  acceleration  of  the  flow  induces  changes  in  chemical  composition  which  attempts  to 
follow  the  changing  position  of  chemical  equilibrium. 

Hydrogen-fueled  gas  turbines  offer  worthwhile  environmental  gains:  emissions  of  carbon  monoxide,  carbon 
dioxide,  hydrocarbons  and  smoke,  are  virtually  eliminated. 

Hydrogen  provides  for  a much  wider  fuel/air  ratio  operating  range  than  conventional  thermal  engine  fuel. 
Because  of  this,  hydrogen  fuel  brings  with  it  the  potential  for  theoretical  reductions  in  nitric  oxide 
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formation  of  about  two  orders  magnitude  for  the  same  primary  zone  dwell  time.  Dwell  time  is  a measure  of 
the  time  the  combustion  products  remain  at  full  temperature  prior  to  air  dilution  and/or  expansion  in  tu£ 
bine,  usually  the  order  of  millisecond  or  so.  A second  significant  route  to  lower  oxides  of  nitrogen  pr<o 
duction  is  much  higher  "space  heating  rates"  of  the  hydrogen;  this  giving  the  possibility  to  considerably 
shorten  engine  combustor  length  and  associated  dwell  times. 

At  the  moment,  the  only  well-developed  water-splitting  process  we  have  is  electrolysis.  Solar  energy  may 
some  day  power  hydrogen  generation.  And  hydrogen  may  prove  a better  medium  than  electricity. 

Projecting  to  the  last  decade  of  this  century,  and  beyond,  hydrogen  may  be,  as  a consequence  of  recent 
events  on  the  energy  front,  the  "ECONOMIC  FUEL"  of  the  future. 
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SUMMARY 

With  the  advent  of  the  mixed-flow  afterburner  In  turbofan  engines,  a type  of  low- 
frequency  combuatlon  Instability  known  as  ruiil>le  or  chugging  has  become  s serious  problem, 
"Cut-and-try"  methodc  during  engine  development  have  been  partially  successful,  but  very 
expensive.  To  aid  the  development  engineer  In  designing  afterburners  thst  are  free  from 
this  low-frequency  Instability,  an  analytical  model  has  been  formed.  The  model  has 
evolved  In  conjunction  with  and  checked  by  an  experimental  program.  Rumble  mechanisms 
Investigated  In  this  study  Include  the  system  airflow  dynamics,  combustion  efficiency 
oscillations,  fuel  vaporization,  recirculation  wake  energy,  and  turbulence  upstream  of 
the  f laraeholders . Comparisons  of  the  model  predictions  with  experimental  data  have 
been  good. 

NOMENCLATURE 

C speed  of  sound 

FA  fuel/alr  ratio 

wake  recirculation  coefficient 
t axial  lengths  between  stations 

M Mach  number 

N flameholder  width 

p pressure 

q volumetric  heat  release  rate 

s entropy  or  Laplace  transform  variable 

T temperature 

Ti  Ideal  temperature  rise 

t time 

u Internal  energy 

V velocity  or  volume  of  combuatlon  zone 

X axial  location 

W mass  flow  rate 

^1  pre -flameholder  vaporization  coefficient 

02  fuel  collection  coefficient 

^3  surface  vaporization  coefflclau' 

V augmsntor  efficiency 

0 overall  fuel-air  ratio,  or  term  as  defined 

^ wake  fuel-air  ratio 

P density 

<('  stability  parameter 

frequency 


w 
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aupe^rscripc  deooCing  ateady-state  value 

^ change  in  a variable  from  Ita  aceady-acace 

' change  in  a variable  divided  by  ica  sceady-acate 

I.  lOTBO  DUCT  ION 

While  Che  phenomenon  of  coiii>uaCion  inacabilicy  haa  plagued  all  Cypea  of  high  heat  releaae  combuaCora, 

Che  problem  haa  been  moaC  severe  in  fllghc  propulsion  sysCems  where  weighc  conaideracions  require  highly 
efficienC  aCrucCurea.  In  Curbojecs,  ramjeCa,  and  rockeCa,  Che  pressure,  vibracion,  and  heac  loads  resulc- 
ing  from  combaacion  inaCabiliCy,  superimposed  on  Che  normal  loading,  are  usually  descruccive. 

In  Che  oarly  1950's  high  frequency  coiid>usCion  inacabilicy  (screech)  presenCed  problems  in  airbreaching 
ergines.  Engineers  soughc  soluCions  chrough  machemaCical  modeling  and  analyCical  sCudies,  buC  unforcunacely 
Che  compuCer  cechnology  and  analyCical  Cechniquea  of  CwenCy  years  ago  proved  inadequace.  Engine  manu- 
facCurera  Curned  Co  "cuC-and-Cry " empirical  approaches  involving  changes  in  f lameholdera , combuaCion 
chamber  shape,  fuel  injacCion,  velocicy  profiles,  and  flame  plloCing.  They  CesCed  fuel  addicivea  and  com- 
buscion  chamber  baffles.  Alchough  some  of  Chese  approaches,  noCably  baffles,  produced  marginal  improve- 
menc,  Che  problem  was  noC  solved  uncil  damping  devices  in  Che  form  of  acousCical  absorbers  (screech  liners) 
were  inCroduced.  Screech  liners  are  used  rouClnely  and  high  frequency  inacabilicy  is  no  longer  regarded 
as  a problem. 

Wich  Che  advene  of  Che  mixed-flow  afcerburner  in  Curbofan  engines,  a Cype  of  low  frequency  inacabilicy 
known  as  rumble  or  chugging  became  a serious  problem.  Rumble  is  a periodic  afcerburnlng  combuscion  in- 
scabillcy  (pressure  osclllacions  fed  by  Che  combusClon  process)  occurring  usually  ac  high  fuel/alr  racios 
ac  fllghc  Mach  numbers  and  alclcudes  when  low  ducC  inlec  air  Cemperacures  and  pressures  exisC.  This  in- 
scabilicy  usually  leads  Co  afcerburner  blowouC  and/or  fan  surge  and  engine  scall.  The  frequency  of  oscill- 
acion  usually  lies  becween  30  and  200  Hz.  This  occurrence  of  inacabilicy  ac  lower  frequencies  makes  use 
of  screech  liners  of  convenClonal  design  inappropriace . For  adequace  damping,  Che  absorbing  devices  are 
designed  so  chac  Che  resonanC  frequency  corresponds  Co  Che  expecced  frequencies  of  pressure  osclllacions. 
Since  Che  required  cavlcy  volume  for  Che  liner  is  Inversely  proportional  to  Che  square  of  Che  resonanC 
frequency,  Che  liners  of  large  caviCy  volumes  required  for  low  frequencies  would  necessicace  an  unaccepc- 
able  increase  in  engine  weighC. 

Oaca  from  engine  programs  and  early  rumble  InvesCigaclons  suggesC  several  possible  mechanisms  which 
regulace  or  cause  lew  frequency  combusClon  Inacabilicy  in  af Cerburners . They  can  be  summarized  under  Che 
following  caCegorles ; 

1)  LongiCudinal  sysCem  dynamics. 

2)  Pressure  disCurbancea  ac  Che  fuel  inJecCor 

3)  CombusClon  efficiency  osclllacions 

4)  InsufficlenC  and/or  non-uniform  fuel  vaporizacion 

5)  Low  recirculacion  wake  energy 

6)  Turbulence  upscream  of  Che  f lameholder . 

Even  subcle  changes  in  flameholder  designs  have  alcered  Che  rumble  characCerisCica  of  a Curbofan  en- 
gine. Wich  some  experience  ac  hand,  Che  design  engineer  has  successfully  produced  "fixes"  for  unscable 
condicions.  RedisCribuCion  of  Che  fuel-Co-air  mlxCure  racio  has  worked,  and  derichlng  Che  fan  ducC  has 
lessened  rumble  problems  in  Che  pasc.  However,  compleCe  underacanding  of  this  conbusCion/dynamics  problem 
has  been  Inadequace  Co  design  rumble-free  mixed  flow  afcerburners  wich  confidence. 

The  purpose  of  Chls  research  proJecC  is  Co  devise  a reliable  empirical  and  analyCical  model  chac  will 
aid  sfcarburner  designers.  The  approach  used  began  by  isolacing  mechanisms  ChoughC  Co  conCribuCe  Co  rum- 
ble, As  Che  major  raechaniama  were  being  invescigaced,  a machemaclcsl  model  chac  could  predicc  unscable 
condicions  and  chac  could  be  exceeded  Co  innovacive  designs  was  carefully  developed. 

This  research  Is  being  conducced  by  Che  GovernmenC  Produces  Division  of  Pracc  & Whlcney  Aircrafe  under 
Onlted  States  Air  Force  con-raeCs  F33615-76-C-2023  and  F33615-76-C-2024. 


II  MATTWITICA',  MPDEL 

rbs  trial -and -error , "cut -end-try"  method  used  so  extensively  by  turbine  engine  manufacturers  Co 
•tart  enetsbls  combustion  problems  in  the  afterburners  of  Curbofans  is  expensive  and  time  consuming. 

-e  >r.  'he  levelopnent  engineer  should  design  Che  afterburner  free  from  rumble  at  Che  outset.  This  has 
iM-  ‘as  'See  In  the  past.  We  undertook  Chls  research  program  not  only  Co  learn  more  about  rumble  (or 
■gp'ea  'ft'  me  began  this  effort  Co  give  Che  designer  tools  wich  which  he  can  develop  stable  burning 
' ••  fat  the  teols  to  be  practical,  however,  Che  machemacica  must  be  rigorous  enough  to  model  the 

• ••  ■ Oi  ereralp,  yet  sleple  enough  to  be  used  by  engineers  other  Chan  Che  originator.  For  Chls  reason, 

• • ao  ' 'ha  ■■Trent  atata  of  the  art,  we  pursued  a linear  analysis  of  this  combuscion  problem. 

- • « wdal  of  the  augmentor  system  was  developed  using  linearized  continuity,  momentum, 

a at  •ee*  i ■ .e  far  oee  aiaenelooel  time  variant  flow.  The  equations  describe  Che  interrelationship 
-•a.  «e ■ ■ ♦ >0*01  ing  lomnatream  at  Che  speed  of  sound  plus  throughflow  velocity  and  upstream  at  the 
.sa  thT'iiighf  lew  velocity,  Laplace  transform  techniques  were  used  Co  obtain  a distrl- 
• - ' ■<  ■>■-  frequency  domain  ralaclng  pressures,  temperatures,  and  velocities  ac  Che 

• V ••  arU  *sta  as  It  plana  to  the  heat  release  rate  and  location  within  Che  augmentor. 
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The  system  stability  was  assessed  using  standard  control  theory  techniques.  The  open  loop  frequency  re- 
sponse technique  used  is  shown  schematically  in  Figure  1.  In  this  method  of  stability  assessment,  the 
JHnearized  heat  addition  rate  q is  forced  to  vary  sinusoidally  at  an  amplitude  A and  frequency  w. 

The  linearized  system  equations  are  simultaneously  solved  for  pressure,  temperature,  and  velocity  pertur- 
bations throughout  the  system.  System  Instability  is  predicted  whenever  the  forced  heat  release  qj^j,  and 
the  predicted  heat  release  <lout  phase,  and  in  addition,  the  amplitude  of  equal  to  or  greater 

than  Physically,  this  means  the  system  becomes  unstable  when  a perturbation  in  flameholding  conditions 

produces  a heat  release  perturbation  in  phase  with  and  equal  to  or  greater  than  the  initial  disturbance. 

The  augmentor  model  geometry,  shown  schematically  in  Figure  2,  was  a long  pipe  fed  by  a choked  inlet 
orifice.  In  a turbojet  augmentor,  station  (1)  would  represent  the  turbine  discharge  and  station  (9)  the 
upstream  face  of  the  exhaust  nozzle.  In  a turbofan  duct  augmentor,  station  (1)  would  represent  the  fan 
discharge . 

Fuel  was  supplied  through  spraybars  at  station  (4).  The  resulting  fuel-air  mixture  flowed  over  a set 
of  f lameholders  between  stations  (5)  and  (6).  For  some  tests,  a screen  was  inserted  upstream  of  the  spray- 
bars  between  stations  (2)  and  (3)  to  generate  turbulence  in  the  air  stream. 

The  flameholders  divided  the  augmentor  into  a cold  upstream  section  and  a hot  downstream  section.  The 
cold  section  was  at  uniform  pressure  and  temperature  except  in  cases  of  a small  pressure  drop  which  occurr- 
ed when  the  turbulence  screen  was  in  place. 

Based  upon  the  empirical  correlation  of  Ref  1,  shown  in  Figure  3,  the  hot  section  was  divided  into 
three  zones.  Between  stations  (6)  and  (7)  the  flameholder  wake  ignites  the  fuel-air  mixture  with  little 
heat  being  released  and  with  a small  temperature  rise.  At  station  (7)  temperature  begins  to  rise  sharply 
as  the  ignited  mainstream  mixture  begins  burning.  Between  stations  (7)  and  (8)  the  majority  of  combustion 
takes  place.  The  locations  of  the  beginning  and  the  end  of  the  con^ustion  zone  and  the  temperature  rise 
were  computed  from  the  efficiency  correlation  of  Figure  3 and  the  ideal  temperature  rise  correlation  of 
Figure  4. 

For  any  section  of  augmentor  with  rigid  walls  and  constant  cross-sectional  area  through  which  an  in- 
viscid  fluid  flows,  the  one-dimensional  continuity,  momentum,  and  energy  equations  are: 
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For  an  Ideal  gas  non-llnear  wave  equations  may  be  written; 
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the  wave  equations  are  linearized  by  the  small  perturbation  substitutions  for  F,  p , C,  V,  and  q: 


P(x,t)  = P(x)  + AP(x,t) 


(3) 
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Second^order jterms  are  neglected.  It  Is  further  assumed  that  mean  values  of  the  steady-state  paraoeters 
P(X),  V(X),  C(X)  can  be  chosen  so  that  P,  V,  C can  be  considered  constants.  That  Is: 


dP(x)  ^ dV(x)  ^ dC(x)  _ 
dx  dx  dx 


To  simplify  notation,  the  following  substitutions  are  made  which  normalize  the  change  In  each  variable 
with  Its  steady-state  value 


F = V'  = D a'  = 


For  zero  initial  conditions,  the  solution  of  equations  (2)  from  a station  (1)  at  X « 0 to  a station 
(2)  at  X » / , written  In  terms  of  the  Laplace  transorm  of  each  normalized  variable.  Is 


Pi  + 7WVi  = [P;  + e. 


p;  - 7IVIV;  = [Pi  - + 62 


Pi  - ypi  = [Pj'  - 
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In  equations  (6)  the  first  equation  describes  downstream  running  waves  of  the  form  P'  + 7 MV',  travel- 
ing at  sonic  speed  plus  throughflcw  velocity.  The  second  equation  describes  upstream  running  waves  of  the 
form  P'  - 7 mV,  traveling  at  sonic  speed  minus  throughflow  velocity.  The  third  equation  describes  en- 
tropy waves,  P'  - yp'  , drifting  downstream  at  throughflow  velocity. 

Figure  5 describes  the  model  used  for  the  development  of  the  combustion  equations.  Taking  into  consid- 
eration particle  drift  times,  ideal  temperature  rise,  fuel/air  ratio,  combustion  efficiency,  and  the 
stability  parameter,  equations  for  heat  release  in  terms  of  the  Laplace  transform  of  each  normalized  vari- 
able can  be  written: 
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Terms  FA  aTi  and  ^_iM  are  defined  from  the  Ideal  temperature  rise  curve,  Figure  4,  and  the 
Ti  aFA  M 

efficiency  curve,  Figure  3. 

The  solution  technique  Is  based  upon  the  Nyqulst  stability  criterion,  and  consists  of  dttermlnlng 
whether  the  time  response  of  the  system  to  a small  disturbance  would  display  oscillatory  behavior  with  a 
growing  amplitude.  A physical  Interpretation  of  the  solution  technique  can  be  gained  by  reference  to 
Figure  6.  A sinusoidal  disturbance  oscillation  In  combustion  heat  release,  qj^.,  produces  an  oscillation 
In  pressure,  velocity,  and  density  throughout  the  augmentor,  which  In  turn  prMuces  an  oscillation  In  com- 
bustion heat  release,  qouf  1^  Ihe  "feedback"  heat  release  Is  In  phase  with  the  disturbance,  and  has 
greater  amplitude,  the  system  will  be  unstable.  A typical  open  loop  transfer  function  Is  plotted  In 
Figure  7 which  Indicates  an  Instability  at  56  Hz. 

III.  EXPERIMENTAL  TESTING 

The  experiments  were  conducted  In  a combustion  tunnel  in  which  the  pressures,  temperatures,  and  gas 
flows  of  an  augmentor  were  slsulated.  The  circular  croas-sectlonal  rig  was  designed  so  that  various  con- 
figuration changes.  Including  f lameholders , spraybara,  and  distances  between  reflective  points,  could  be 
made  easily.  Figure  8 shows  a drawing  of  the  test  rig. 

A.  INSTRUMENTATION 

The  Instrumentation  monitored  the  airflow,  fuel  flow,  rig  Inlet  total  pressure  and  temperature, 
combustor  exit  total  pressure,  combustor-press'ure  oscillations,  fuel  temperature,  flowrate,  and  p.eaaure, 
velocity  changes  In  the  duct,  temperature  changes  In  the  combustor,  pilot  burner  and  acetylene  fltw  rates, 
and  the  flameholder  skin  temperature.  Most  of  the  data  were  recorded  by  an  automatic  data  recording  sys- 
tem and  were  reduced  with  the  use  of  an  IBM  370/168  computer.  The  combustor  was  Instrumented  with  six 
(6)  high -response  Klstler  Model  606A  pressure  transducers  to  determine  both  the  frequency  and  the  type  of 
wave  occurring  during  combustion  Instability.  The  phase  relationship  and  relative  amplitude  of  the  oscl- 
llatlors  provided  the  necessary  Information  to  Identify  wave  pattern  and  amplitude  gains  during  rumble. 

An  oxy-scetylene  pilot  torch  was  mounted  lu  the  recirculation  zone  of  the  center  flameholder  to  provide 
continuous  Ignition  and  simulated  piloting  oy  wake  heat  addition.  The  center  flameholder  poaltlon  was  In-' 
strumented  with  two  skin  thermocouplee . 

Two  four  Inch  diameter  vycor  glass  viewing  ports  were  located  180^*  apart  at  the  t'-alnlrg  edge  of 
the  primary  flameholder  so  that  high-speed  motion  pictures  could  be  made. 

The  primary  purpose  of  the  first  series  of  teats,  was  the  determination  of  the  rumble  characteris- 
tics of  the  rig.  The  first  series  also  was  used  to  evaluate  the  rig  hardware  and  Its  Instrumentation. 

With  a successful  completion  of  these  Initial  testa,  the  rest  of  the  experiments  could  be  run.  Figure  9 
details  the  experimental  testing  schedule. 

B.  ANALYSIS  AND  RESULTS 

During  rumble  (chugging)  pressure  amplitudes  were  recorded  as  a function  of  tlma.  Typical  ampli- 
tudes occurring  prior  to  blowout  are  shown  In  Figure  10.  The  plots  Indicate  the  prasance  of  sure  than  one 
frequency  with  amplitude  of  the  higher  frequency  varying  with  time.  To  distinguish  phase  and  amplitude 
relationships  between  various  Klstler  probes,  all  of  the  pressure  ai^lltude  data  recorded  on  magnetic  tape 
In  the  second  series  of  tests  were  electronically  processed  In  transfer  function  form;  that  la,  they  were 
expressed  as  the  amplitude  ratio  and  the  phase  difference  between  two  prrasura  readings  aa  a function  of 
frequency.  The  flameholder  Klstler  probe  served  as  the  base  for  coisparlson.  Appromlmately  100  different 
combinations  of  Inlet  pressure,  temperature,  airflow,  fuel-air  ratio,  choked  and  unchokad  nosclaa  were  In- 
vestigated Investigated  In  the  first  tost  phase  for  two  different  flamaholder  blockages.  Fuel  dlatrlbu- 
t'on  and  exhaust  nozzle  conditions  were  found  to  have  a significant  affect  on  rumble  amplitudes  and  blowout 
characteristics.  Fuel  distribution  is  shown  In  Figure  11  to  affect  both  ruad>la  amplitude  and  blowout  fuel 
air  ratio.  The  lowest  pressure  smplltudes  and  the  widest  blowout  limits  are  obtained  with  uniform  fuel 
distribution.  Fuel  distribution  also  affects  stability  at  high  fuel-air  ratios. 

Tasting  the  effect  of  nozzle  conditions  on  the  stability  of  con^uatlon  was  Initiated  with  an  un- 
choked nozzle  and  then  the  nozzle  was  choked.  The  nozzle  area  was  closed  holding  a constant  fuel-air  ratio 
and  nozzle  discharge  pressure.  In  another  method,  nozzle  discharge  pressure  was  reduced  at  a constant 
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nozzle  area  and  fuel^ir  ratio.  Both  methods  resulted  in  rig  blowout. 

(1)  Baseline 

The  instability  pressure  amplitudes  recorded  during  the  baseline  configuration  testing  are 
shown  in  Figure  12  to  be  primarily  a function  of  fuel-air  ratio  and  to  a smaller  extent  a function  of  the 

blowout  parameter,  V . The  trends  depicted  in  this  figure  are  representative  of  most  of  the  conflgura- 

NPt1.7 

tions  tested.  The  baseline  rumble  frequencies  encountered  ranged  from  50  to  70  Hz. 

(2)  Airflow  Dynamics 

The  system  airflow  dynamics  are  dependent  on  pressure  waves  which,  reflected  between  different 
axial  surfaces,  cause  a change  in  the  combustion  process.  These  combustion  changes  Initiated  by  any  dis- 
turbance can  feed  an  oscillation  until  its  amplitude  grows  until  augmentor  blowout  or  engine  stall  occurs. 
Different  duct  lengths  from  the  upstream  reflecting  surface  to  the  spraybars  were  tested.  Figure  13  shows 
that  this  length  change,  and  consequently,  airflow  dynamics,  contribute  to  rumble. 

(3)  Fuel  Vaporization 

Poor  fuel  vaporization  increases  the  flameholder  wake  mixture  ratio  above  frees tream  value . 

In  fact,  it  is  possible  for  the  flameholder  wake  to  have  a stoichmetric  fuel-air  ratio  with  a lean  free- 
stream.  Further  increases  in  fuel  flow  creates  an  overly  rich  flameholder  wake,  reducing  wake  efficiency, 
which  lowers  the  overall  combustion  efficiency. 

Any  change  in  airflow  will  change  the  fuel  distribution  between  the  wake  and  the  freestream, 
affecting  combustion  efficiency.  Gaseous  methane  and  JP4  caused  high  amplitude  rumble  oscillations  for 
equivalence  ratios  between  0.9  end  1.2.  Since  rumble  occurs  at  a higher  fuel-air  ratio  with  the  gaseous 
fuel  than  with  the  liquid  fuel,  it  appears  that  vaporization  has  a significant  effect  on  rumble.  However, 
these  results  are  somewhat  clouded  because  of  the  possibly  different  fuel  distributions  of  the  JP4  and  the 
methane  tests  (Figure  14). 

Another  check  on  vaporization  effects  was  made  by  moving  the  spraybar  away  from  the  flame- 
holders.  Figure  15  does  not  confirm  the  suspicion  that  extra  f lameholder-to-spraybar  distance  will  Improve 
stability.  Fuel  distribution  apparently  affects  the  results.  Although  we  could  not  completely  isolate  the 
effect  of  fuel  distribution  as  a rumble  mechanism,  we  did  show  that  the  effect  of  fuel  distribution  on  the 
fuel-air  ratio  in  the  flameholder  wake  is  very  important  in  the  stability  of  the  augmentor  system,  and  it, 
in  fact,  may  be  the  overriding  consideration  in  determining  augmentor  stability. 

(4)  Turbulence 

The  mechanisms  through  which  turbulence  affects  augmentor  stability  involves  the  rate  of 
addition  of  unburned  fuel-air  mixture  to  the  flameholder  recirculation  region,  specifically  the  residence 
time  of  a particle  in  the  flameholder  wake.  Too  much  mainstream  turbulence  can  reduce  the  wake  efficiency 
thereby  generating  a combustion  heat  release  perturbation,  which  could  interact  dynamically  with  the  aug- 
mentor-fan  duct  system.  On  the  other  hand,  turbulence  generators  add  stiffness  in  the  system  which  can 
affect  airflow  dynamics. 

Screens  with  two  and  three  percent  pressure  loss  were  placed  in  the  duct  upstream  of  the 
flameholders  and  spraybars.  From  data  presented  in  Figure  16  one  concludes  that  the  screens  Improve  the 
system  stability  at  low  values  of  blowout  parameter,  but  they  have  little  effect  on  stability  at  higher 
values  of  blowout  parameter. 

IV.  combustion/flameholder  model 

In  the  current  study  a general  data  correlation  (see  Figures  3 and  4)  provides  con^ustion  information 
for  the  system  model.  However,  another  investigation  is  underway  to  model  combustion  in  the  afterburner. 
After  that  study  is  complete,  it  will  be  incorporated  into  the  system  model  to  produce  a more  comprehensive 
model  of  rumble. 

This  flameholder  stability  model  describes  the  combustion  process  response  of  wake  efficiency  and  tur- 
bulent flame  soeed  as  functions  of  inlet  pressure  and  temperature,  flameholder  blockage  and  geometry, 
fuel-air  ratio,  fuel  vaporization,  and  inlet  dynamics  (pressure  and  velocity  changes  as  well  as  turbulence 
level).  The  physics  begins  with  the  injection  of  liquid  fuel  through  a spraybar  upstream  of  the  flame- 
holder. While  some  fuel  vaporizes  immediately,  some  fuel  as  droplets  accelerate  with  the  airstream  toward 
the  flameholder,  vaporizing  concurrently.  At  the  flameholder 's  leading  edge  droplets  impinge  on  the  sur- 
face forming  a liquid  film.  Some  liquid  is  vaporized  by  the  heat  flux  from  the  hot  wake  through  the 
flameholder  surface,  and  it  enters  the  recirculation  zone  through  the  shear  layer,  providing  fuel  vapor 
for  the  wake  reaction  process.  Some  fuel  is  lost  to  the  recirculation  as  it  detaches  from  the  flameholder 
and  is  carried  downstream  by  the  flow.  Through  an  iteration  procedure,  wake  fuel -air  ratio,  wake  reaction 
level,  and  wake  teaq>erature  are  calculated.  Figure  17  is  a schematic  for  the  model  with  fuel-air  ratio 
being  treated  by  the  following  equation: 


-f-  = + (1-/3,) 
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where  0 is  the  wake  vapor  phase  fuel-ratio,  B is  the  approach  fuel-air  ratio,  0i  is  fuel  vaporization, 

02  fuel  droplet  collection  rate,  ^3  is  the  gutter  surface  fuel  vaporization  and  Kj^  is  vapor  recircula- 
tion. 

The  impact  of  the  flameholder  occurs  as  turbulence  generation  and  flow  acceleration.  These  conditions 
in  turn  affect  the  recirculation  zone  where  the  combustion  occurs  in  a well-stirred  chemical  reactor 
volume.  Combustion  efficiency  is  evaluated  by  integration  of  the  spread  of  the  turbulent  flame  speed, 
which  is  a function  of  fuel-air  ratio  and  approach  conditions. 

V.  CORRELATION  WITH  DATA 

The  math  model  underwent  continued  refinement  as  test  results  from  the  rig  became  available.  Mathe- 
matical descriptions  were  based  on  physical  reality  and  their  ability  to  track  test  data.  Comparisons 
between  test  and  analysis  were  good,  but  adjustments  in  the  math  have  Improved  the  model's  capability  of 
simulating  experiment.  Some  examples  of  comparison  follow. 

Rig  test  results  generally  show  a rising  rumble  amplitude  as  fuel-air  ratio  increases  above  stoicho- 
metric  (Figure  18).  Model  predictions  display  a rapid  movement  from  the  stable  to  the  unstable  operating 
region  as  fuel-air  ratio  increases  (Figure  19).  The  model  also  predicts  rumble  as  fuel-air  ratio  is 
lowered,  but  in  this  test  case  lean  blowout  usually  occurs  with  little  rumble  amplitude. 

The  model  also  indicates  that,  in  addition  to  fuel-air  ratio  management,  rumble  can  be  controlled  by 
damping  oscillations  in  the  spraybar-to-f lameholder  region.  A turbulence  screen  with  a low  pressure  drop 
(57»  ^P/P)  wao  placed  40  inches  upstream  of  the  flameholder.  There  was  no  dramatic  reduction  in  rumble 
amplitudes,  although  some  runs  showed  some  reduction.  Since  the  experimental  results  of  damping  were  not 
major,  we  infer  that  the  math  model  was  overly  sensitive  to  the  addition  of  damping.  The  source  of  the 
damping  was  identified  as  the  temperature  gradient  of  the  combustion  zone  in  the  wave  equations. 

An  estimate  of  the  influence  of  the  gradient  on  airflow  dynamics  was  made  by  modeling  the  gradient  as 
two  step  changes,  one  at  the  beginning  and  the  other  at  the  end  of  the  cond>ustion  zone.  The  spacing 
between  the  two  steps  had  limited  the  checkout  to  frequencies  up  to  about  60  Hz.  A system  resonance  at 
30  Hz,  which  the  model  previously  failed  to  predict,  was  now  predicted.  Also,  a resonance  at  70  Hz  was 
now  predicted  to  be  lower  in  amplitude  at  a fuel-air  ratio  of  .10  and  higher  in  amplitude  at  a fuel-air 
ratio  of  0.06.  Airflow  dynamics  were  affected  enough  to  necessitate  an  accounting  of  temperature  gradient. 

Preliminary  stability  predictions  for  the  rig  with  a long  duct  and  with  a short  duct  (duct  length  up- 
stream of  the  flameholder  reduced  from  80"  to  40")  using  the  two-step  approximation  for  the  temperature 
gradient  were  made.  The  strong  stabilizing  trend  of  shortening  the  duct  length  observed  in  rig  data  was 
predicted  by  the  model  as  a reduction  in  amplitude  ratio  of  the  open-loop  transfer  function  for  the  short 
duct . 

In  general,  the  results  of  the  test  rig  data  agree  well  with  the  analytical  model.  The  brief  dis- 
cussion in  this  section  typifies  the  kind  of  analysis  that  has  helped  modify  the  model  to  in^rove  its 
prediction  capability.  The  research  effort  described  in  the  Combustlon/Flameholder  Section  of  this  paper 
which  is  to  be  incorporated  into  this  sytem  model  is  expected  to  improve  the  model's  capabilities. 

VI.  CONCLUSIONS 

Low  frequency  combustion  instability  (rumble  or  chugging)  is  a system  problem  in  which  the  airflow 
dynamics  couple  with  the  combustion  process.  Several  general  comments  can  be  made.  Experimental  rig  test 
data  identify  airflow  dynamics  and  fuel  distribution  as  rumble  contributors.  Increased  wake  heat  addi- 
tion, decreased  wake  fuel-air  ratio  through  flameholder  geometry,  increased  turbulence  level,  and  increased 
fuel  vaporization  help  reduce  rumble.  The  distance  between  the  fuel  injectors  and  flameholders  should  be 
short.  The  system  model  predicts  rumble  conditions  well,  but  will  be  improved  with  the  addition  of  an 
improved  flameholder /combustion  section  that  currently  is  being  developed. 
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Figure  6.  Condition  For  Rumble 
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Figure  7.  Open  Loop  Transfer  Function  Baseline  Configuration 
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InstablllCy  Study  Test  Rig 
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Figure  9.  Lo-Prequency  Augmentor  Instability  Investigation  Test  Matrix 
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Figure  10.  Typical  Rumble  Induced  Blowout  0-Graph  Traces 
(SOI  Flameholder  Blockage)) 
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RIG  CONDITIONS: 


M « .1 
P - LO  PSU 
T - 400^F 


1.8  X 

1.2  FLAMEHOLDER 

SYMBOL 

CENTER  ZONE  F/A 

A 

.05 

O 

.065 

□ 

.080 

o 

COTTER  ZCME  ONLY 
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Figure  11.  Fuel  Distribution  Affects  Combustion  Stability 
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AVERAGE  FUEL  AIR  RATIO 

Figure  12.  Rumble  Amplitude  Correlated  with  Fuel  Air  Ratio 
and  Stability  Parameter,  Test  Point  1 
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Figure  13.  Effect  of  Cold  Duct  Length  on  Stability. 

Comparison  of  Test  Point  11  and  Test  Point  3. 
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AVERAGE  EQUIVALENCE  RATIO 

Figure  14,  Comparison  o{  Liquid  JF4  Test  Point  1 Fuel  and  Gaseous  Metliane 
Test  Point  2 with  Same  Test  Configuration 
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CONPiaRATlOM 
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Figure  15.  Effect  of  Increased  Injector  to  Flameholder  Length. 
Comparison  of  Test  Point  9 with  Test  Point  1. 
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AVERAGE  FUEL  AIR  RATIO 

Figure  16.  Effect  of  Turbulence  Screen  on  Stability. 

Comparison  of  Test  Point  7 with  Test  Point  1. 


Figure  17.  Basic  Two-Dimensional  Ducted  Flame  Model 
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FUEL  AIR  RATIO 

Figure  19.  Predicted  Onset  of  Rumble  for  Experimental  Test  Rig 
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DISCUSSION 


M.Buisson,  France 

(1)  Vous  avez  dit  que  ce  probleme  de  ‘rumble'  se  produisait  sur  les  moteurs  ‘turbofan’.  Est-ce  un  probl^me  plus 
sp^cifique  de  la  combustion  dans  le  flux  froid  ou  cela  se  produit-il  sur  les  deux  flux? 

(2)  Y a-t-il  une  influence  du  niveau  de  pression  de  la  veine  sur  ce  phenomene  de  vibration  basse  frequence? 

(3)  Quel  est  le  mode  principal  des  vibrations  que  vous  appelez  rumble?  (transverse,  radial,  longitudinal) 

( Translation) 

( 1)  You  reported  that  the  “rumble”  problem  occurs  in  turbofan  engines.  Is  it  more  specific  of  combustion  in  the 
cold  flow,  or  does  it  occur  in  both  flows'! 

(2)  In  this  low-frequency  vibration  phenomenon  influenced  by  the  pressure  level  in  the  airflowl 

( 3)  What  is  the  main  vibration  mode  which  you  call  "rumble”!  ( transverse,  radial,  or  longitudinal). 

Author’s  Reply 

( 1 ) “Rumble”  occurs  in  both  cold  and  hot  flows,  but  the  airflow  dynamics  (system  acoustical  “softness”)  of  the 
fan  duct  and  the  poor  combustion  efficiency  of  the  cold  flow  make  the  cold  flow  the  critical  portion  of  the 
afterburner.  Rumble  rarely  occurs  in  a turbojet. 

(2)  Low-frequency  vibration  phenomenon  is  not  strongly  affected  directly  by  pressure  level  in  the  augmentor 
under  typical  operating  conditions.  However,  the  pressure  level  in  the  afterburner  can  slightly  affect  fuel 
vaporization  which,  in  turn,  can  change  local  fuel-air  ratios,  combustion  efficiencies,  and,  therefore,  “rumble”. 

(3)  “Rumble”  is  a longitudinal  wave  phenomenon. 
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MAT£RIAUX  (VAVENIR  POUR  TURBINES  A HAUTE  TEMPERATURE 
Lm  composites  ONERA  face  aux  probtimes  (faubes 

par  HervS  BIBRING 

Offict  NttiontI  ifEtudfS  tt  de  Recherchts  AimptMu  (ONERA) 

92320  Chitillon  ■ France 


Le  problime  des  turbines  d gaz  plus  performantes.  sollicit6es  S plus  haute  temperature,  nous  renvoie 
immSdiatement  S la  question  : existe-t-il  des  matfriaux  nouveaux  capables  d'assurer  une  telle  realisation  ? 

Les  composites  refractaires  ONERA  repondent  S cette  question.  Ces  materiaux  ne  constituent  pas  urte  dScou- 
verte  de  laboratoire  pour  laquelle  on  chercherait  une  application  ; au  contraire,  ils  sont  I'aboutissement  d'une  recherche 
de  materiaux  nouveaux  destines  precisement  A ameiiorer  les  performarKes  et  la  fiabilite  des  turbines  de  demain. 

On  confronte  les  exigences  requises  d'un  materlau  pour  aubes  de  turbomachines  haute  temperature  avec  les 
performances  enregistrees  sur  les  composites  de  solidification  orientee  Cotac.  En  particulier,  apres  avoir  precise  la 
structure  et  les  proprietes  des  nuances  74  et  741,  on  evalue  leur  stabilite  structurale  d haute  temperature,  la  tenue 
en  fatigue  thermique  et  mecanique,  la  resistarKe  e I'oxydation  et  I'aptitude  d la  protection  superficielle.  L'impor- 
tarKe  du  gain  de  temperature  montre  I'avantage  immediat  d'utilisation  de  ces  composites  pour  la  confection  d'aubes 
pleines  non  refroidies.  Le  probieme  d'aubes  refroidies  est  egalement  discute. 


NEW  MATERIALS  fOR  HIGH  TEMPERATURE  TURBINES 
ONERA'S  DS  COMPOSITES  CONFRONTED  WITH  THE  BLADE  PROBLEMS 

The  problem  of  advanced  aircraft  turbines  operating  at  higher  temperature  does  immediately  raise  the  question  : 
are  there  new  materials  available  required  for  such  a realization  7 

ONERA's  refractory  OS  composites  answer  the  question.  These  materials  are  not  a laboratory  invention 
looking  for  an  eventual  application  ; on  the  contrary,  they  represent  the  outcome  of  a research  work  directed 
precisely  to  rtew  materials  for  better  and  more  reliable  turbine  blades  in  advanced  aircraft  engirtes. 

The  needs  required  for  a blade  material  in  aircraft  turbines  operating  at  higher  temperatures  are  compared  V 

with  the  actual  performarKe  as  found  on  Cotac  OS  composites  testing.  The  paper  specifies  the  structure  arxl  the 
properties  of  the  more  fully  developed  74  and  741  types.  In  particular,  the  high  temperature  structural  stability, 
the  impact  of  thermal  and  mechanical  fatigue,  the  oxidation  resistarKe  and  the  coating  capability  are  more  thou- 
roughly  evaluated.  The  great  benefit  in  operational  temperature  of  these  materials  can  be  immediately  exploited 
in  the  field  of  uncooled  solid  blades.  The  problem  of  cooling  passages  in  DS  eutectic  blades  is  also  outlined. 


INTRODUCTION  - 


Quand  on  analyse  le  d^veloppement  des  turbo- 
machines  on  a coutume  de  privil^gier  1 ' am^lior a- 
tioo  des  performances  assurSes  par  l'€l£vation 
de  la  temperature  de  la  source  chaude.  De  fedt, 
en  I'espace  da  vingt  demiSres  annees,  la  tempe- 
rature d'entree  de  turbine  est  passee  d'environ 
1 100  K d plus  de  1 300  K dans  les  moteurs  ciyiis, 
prds  de  UOO  K de  plus  dans  les  moteurs  militaires 
et  les  objectifs  trds  prochains  (1930)  prevoient 
la  montee  d 1 600  et  2 100  K respectivement. 
Cependant,  pas  moins  significative  est  la  tendance 
d augnenter  les  contraintes  : pour  ne  prendre  que 
lea  cinq  deynidres  annees,  la  resistance  demandee 
aux  atdres  de  turbine  s'est  accrue  de  prds  de  30  f 
et  la  vitesse  de  cette  progression  ne  semble 
devoir  se  ralentir  dans  la  decennie  d venir. 


Une  telle  escalade  n'aurait  pas  ete  envisa- 
geable  sans  le  progrds  parallele  dans  le  domaine 
des  materiaux  : recherche  metallurgique  debouchant 
sur  des  alliages  structuralement  plus  stables, 
mieux  durcis,  offrant  un  gain  de  temperature 
d'utilisation  et  de  resistance  ; solidification 
unidirectionnelle  permettant  I'obtention  des 
pidces  coulees  plus  fiables,  debarrassees  du 
risque  de  rupture  prematuree  par  decohesion  inter- 
granulaire  ; techniques  de  protection  diversifiees 
et  mieux  adaptees  ; progrds  technologiques  et 
industriels  dans  la  conception  et  la  realisation 
des  pieces.  De  surcrolt,  I'approfondissement  des 
lois  d'ecoulement  et  des  transferts  thermiques  a 
permis  1' optimisation  des  circuits  de  refroidisse- 
ment  : la  difference  entre  la  temperature  d'entree 
turbine  et  la  temperature  maximale  de  I'aube  peut 
atteindre  et  depasser  ^00  K. 
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Les  turbomachines  d'avenir  necessiteront  des 
materiaux  aux  performances  encore  accrues.  Les 
systemes  de  refroidissement  ont  atteint  un  tel 
degre  de  sophistication  q^ue  la  technologie  d'agen- 
cement  de  circuits  pourra  difficilement  suivre 
cette  voie  sans  penalisation  prohibitive  en  cout 
et  en  rendement,  d moins  que  des  conceptions 
revolutionnaires  ne  puissent  assurer  un  gain  encore 
imprevisible.  Les  thermiciens  seuls  peuvent  s'y 
hasarder.  Mais,  pour  ce  qui  conceme  la  science 
des  materiaux,  on  ne  prend  guere  de  risques  en 
affirmant  qu'un  bond  supplementaire  de  50  K ou  de 
30  1>  en  resistance  n'est  pas  envisageable  par 
1' amelioration  des  superalliagesactuels  a base  de 
Co  ou  de  Ni. 

En  revanche,  les  composites  refractaires 
elabores  par  solidification  unidirectionnelle 
representent  une  classe  de  materiaux  metalliques 
capables  d' assurer  la  releve.  Le  mode  d' elaboration, 
les  caracteristiques  et  les  possibilitSs  d' appli- 
cation de  tels  composites  ont  etS  largement 
analyses  dans  les  conferences  specialisees  (l,  2j 
ou  des  reunions  AGAED  (3,  U)  pour  ne  citer  que 
les  syntheses  les  plus  completes.  Les  nuances 
refractaires  destinees  d la  confection  d'aubes 
de  turbomachines  sont  des  composites  fibreux  ou 
lamellsdres,  c'est-d-dire  des  materiaux  essentiel- 
lement  biphases,  bien  qu'elEd>ores  d partir  de 
systdmes  multiconstitues  (nombre  de  constituants 
plus  grand  que  le  nombre  de  phases).  La  matrice 
complexe,  a base  de  Co  ou  de  Hi,  est  renforc^e 
par  des  fibres  de  carbures  refractaires  de  grande 
resistance  (5)  ou  par  des  lamelles  altemees  de 
phases  intermetalliques  (6).  En  fluage  a trds 
haute  temperature,  ces  composites  apportent  un 
gain  spectaculaire  de  resistance  et  de  temperature 
d'utilisation,  etape  que  I'on  ne  pouvait  esperer 
franchir  par  1' amelioration  des  alliages  actuels. 

Pour  important  qu' il  soit,  le  gain  en  fluage 
haute  temperature  ne  suffit  pas  pour  promouvoir 
un  materiau  nouveau  d la  confection  des  pidces 
chaudes  dans  les  turbomachines  de  demain.  Pour  etre 
accepte,  un  materiau  nouveau  doit  d'abord  satis- 
faire  d I'ensemble  de  caracteristiques  q\ie  le 
motoriste  avait  dejd  coutume  de  manier  dans  le 
calcul  de  ses  previsions,  mais  aussi,  certaines 
particularites  moins  habituelles  des  materiaux 
composites  peuvent-elles  conduire  le  motoriste  d 
un  changement  de  conception  et  d'anSLlyse  qui 
necessiteront,  a leur  tour,  la  verification  expe- 
rimentale  des  proprietes  nouvelles.  II  s'agira 
d' examiner  ici  comment  les  materiaux  composites 
conqus  par  I'ONERA  pour  ameiiorer  les  performances 
et  la  fiabilite  des  turbines  de  demain  repondent 
aux  interrogations  des  motoristes. 

PROPRIETES  COURAHTES  DU  COTAC  7**. 

Structure  : les  composites  refractaires  ONERA, 
actuellement  au  stade  de  developpement,  appeirtien- 
nent  a la  famille  designee  Cotac  7*t  (*)  (7).  La 

matrice  est  un  superalliage  de  cristallisation 
orientee  a base  de  Ni,  Co,  Cr,  durcie  a la  fois  en 
solution  solide  par  une  forte  teneur  en  W et  par 
precipitation  coherente  d'une  phase  de  composition 
coi^lexe  de  type  > ' Ni^  A1  assuree  par  addition 
d' aluminium  ; les  fibres  de  renforcement  sont  des 
monocarbures  refractaires  NbC,  de  meme  structure 
cristallographique  CFC  que  la  matrice.  Solidifie 
sous  fort  gradient  thermique  (150  d 200  K om"l)  a 
vitesse  relativement  lente  2,U  cm  h“^)  le 
systdme  s' organise  d'embiee, dans  des  conditions 
proches  d'equilibre  thermodynamique, en  composite 
oriente  d fibres  dont  la  figure  1 montre  la 
structure  metallographique  observes  sur  coupe 
transversale  au  microscope  eiectronique  d balayage. 

(*)  Composition  nominale  : Ni  - 20  Co  - 10  Cr  - 

10  W - 1»  Al  - 1»,9  Hb  - 0,6  C 
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Avec  ses  precipites,  la  matrice  rappelle  ici 
la  microstructure  de  meilleurs  superalliages  d 
base  de  Ni.  De  fait,  comme  les  nuances  modemes 
les  plus  performantes  elaborees  par  solidifica- 
tion dirigee,  le  composite  est  exempt  de  joints 
de  grains  transversaux  ce  qui  ameliore  la  fiabi- 
lite a haute  temperature  pour  des  sollicitations 
principales  dirigees  dans  I'axe  de  la  cristalli- 
sation. De  plus,  I'orientation  unique  de  I'ensem- 
ble des  grains  de  la  matrice  suivant  une  direc- 
tion cristallographique  d faible  module  d'elasti- 
cite  permet  de  minimiser  les  contraintes  thermi- 
ques.  Le  renforcement  est  assurS  par  des  fibres 
refractaires  NbC,  filaments  monocristallins 
parfaits  (whiskers)  de  trds  grande  longueur  et 
d' environ  0,8  de  diametre,  dont  1' extraor- 
dinaire rdsistance  mecanique  approche  de  valeurs 
thdoriques. 

Proprietgs  : Bien  que  renforcg  par  fibres  prati- 
quement  indeformables,  le  composite  n'en  garde 
pas  moins  une  parfaite  ductilite  en  traction 
(figure  2)  comme  au  choc  (tableau  I)  dans  tout 
le  domaine  de  temperature.  Remarquons,  en  passant, 
la  relative  insensibility  d I'entaille  : I'energie 
de  rupture  au  choc  d'Sprouvettes  entaillees  est 
superieure  d celle  de  I'alliage  commercial  IN-100 
(*).  Malgre  1' anisotropie  de  comportement , les 
propridtes  transversales  du  composite  paraissent 
satisfaisantes  : d la  tempgrature  du  pied  de  pale, 
par  example,  le  travail  de  rupture  au  choc  en 
travers  reste  supgrieur  d 8 J cm"^  tandis  qu'en 
traction  travers  la  dgformation  est  de  2,5  %. 


COTAC  74  .TraetlQf)  m at  an  tra«ara(i)an  fonettonda  la  tampAratura 


(*)  composition  nominale  : Ni  - 15Co  - 10  Cr  - 
5.5  Al  - U,7  Ti  - 3 Mo  - 1 Ti  - 0,18  C - Zr 
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Tableau  1 

Travail  de  rupture  compart  en  flexion  par  choc  (J  cm~^) 

Temperature 

Eprouvettee  line* 

Eprouv.  entailiee* 

Eprouv.  traver* 

("Cl 

COTAC  74  IN  100 

COTAC  74  IN  100 

COTAC  74  entailli* 

20 

77  - 110  57  - 120 

25-31  14-28 

6 7 

700 

37,5  - 40  43 

21  • 23  12 

8.3  - 8.7 

1000 

48  - 50  25 

25  - 26  111 

13  • 14 

* BnttHh  para/l4le  aux  fibns. 

En  fluage,  pour  une  duree  de  vie  de  1 000 
heures,  le  Cotac  7**  d^passe  I'm-  100  au  dessus  de 
900®  C (figure  3). 


Fig.  3 


On  voit  que  malgre  le  handicap  de  density, 
le  gain  en  contrainte  specifique  est  de  plus  de 
30  * S 950°  C,  UO  it  a 980°  C et  de  60  it  a 
1 000°  C ; a contrainte  specifique  Sgale,  le 
gain  en  temperature  est  de  UO  d 80  K.  Pour  des 
durees  plus  longues, une  augmentation  de  contrainte 
de  30  d Uo  ^ correspond  & un  gain  de  tempiiature 
de  100  K et  1' amelioration  en  durSe  de  vie 
atteint  un  facteur  de  I'ordre  20,  II  faut  cepen- 
dant  remarquer  que  le  composite  est  moins  int^res— 
sant  en  fluage  & temperature  moyenne  et  aussi  plus 
sensible  sux  variations  de  contrainte  que 
I'alliage  Iquiaxe  : a 900°  C,  pour  passer  d’une 
duree  de  vie  moyenne  de  150  H 1 000  heures,  il 
faut  abaisser  la  contrainte  de  fluage  de  I'IN  100 
de  plus  de  25  It  alors  qu'une  faible  induction  de 
contrainte  -inferieure  a 10  It-  suffit  d gagner 
le  meme  temps  de  rupture  dans  le  Cotac  Jk, 

Pour  une  aube  de  turbine,  1' association  des 
csract€ristiques  de  fluage,  et  la  repartition  des 
contraintes  <S  et  de  la  temperature  T le  long  de 
la  pale  permet  dejd  I'estimation  des  possibilites 
du  materiau  en  duree  de  vie  par  la  localisation 
du  point  critique  oil  les  courbes  (O',  T_)  le  long 
de  I'aube  rencontrent  la  courte  de  duree  de  vie 
correspondante  du  materiau.  Dans  les  svqjeralliEi- 
ges  usuels,  on  trace  generalement  la  famille  de 
courbes  de  300,  1 000  ou  2 000  heures  de  duree 
d la  temperature  admissible,  function  de  la 
contrainte,  pour  provoquer  une  deformation  de 
1 It  ; cependant,  en  ce  qui  conceme  le  composite 
Cotac  7^,  les  ruptures  en  fluage  se  font  avec  des 
deformations  relativement  faibles,  de  I'ordre  de 
1,2  - 1,5  It;  il  faut  done  prendre  en  compte  ici 
non  pas  tant  <aie  deformation  limite  mais  la  duree 
de  vie  du  materiau  affectee  d'un  coefficient  de 
correction.  Pour  I'alliage  IH  100,  par  example, 
les  resultats  experimentaux  montrent  que  le 
temps  d deformation  1 It  correspond  sensiblement 
d la  demi-duree  de  vie  en  fluage  rupture  ; pour 
le  calcul  du  Cotac  7^  on  prend  hab ituellement  la 
duree  de  vie,  minoree  et  divisee  par  deux,  ce  qui 


laisse  une  bonne  marge  de  securite  puisque  la 
deformation  de  1 It  est  prds  de  la  duree  totale. 
La  figure  U,  par  example,  compare  les  possibili- 
tes des  materiaux  pour  la  confection  d'une  au^e 
non  refroidie,  basse  pression,  e'est-d-dire  dont 
la  pale  est  soumise  d des  contraintes  centrifu- 
ges relativement  faibles  : la  temperature  maxi- 
male admissible,  provoquant  dans  les  superallia- 
ges  IN  100  et  DS  200  une  deformation  de  fluage 
de  1 ? en  2 000  heures  est  compares  ici  d une 
duree  de  5 000  heures  du  composite  Cotac  7U. 
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Une  telle  representation  a I'avantage  de 
montrer  la  possibilite  d'emploi  du  composite 
pendant  de  longues  duress,  sous  contrainte 
moderee.  Dans  les  turbomachines  d doiible  flux 
de  la  prochaine  generation  dont  les  etages  basse 
pression  travailleront  d des  temperatures  supe- 
rieures  d 1 000°  C,  le  Cotac  7*t  parait  particu- 
lidrement  interessant  pour  la  fabrication  d'aubes 
pleines,  evitant  ainsi  les  complications  techno- 
logiques  facheuses  pour  des  circuits  de  refroi- 
dissement  suppiementaires. 

Cependant,  d cote  des  proprietes  determinees 
en  fluage,  e'est-d— dire  en  fonctionnement  stabi- 
lise, restent  les  probldnes  thermiques  et  les 
soUicitations  vibratoires  lesquels,  avec  I'oxy- 
dation  et  la  corrosion  sdche,  constituent  les 
facteurs  principainc  de  la  diiree  de  vie  et  de  la 
fiabilite  des  avdies.  Nous  allons  passer  en  revue 
chacun  de  ces  points. 


PROBLEMES  THEBMIQUES  - 


De  densite  equivalents  d celle  de  la  plupart 
de  superedliages  d base  de  Ni  (DS  200,  X-Uo, 

Rene  120) , plus  leger  que  les  alliages  d base  de 
Co  (MAR-  M 509,  L-  605,  HI-52),  le  Cotac  7**  se 
trouve  cependant  penalise  par  1' except ionnelle 
legdrete  de  I'alliage  IH  - 100  auquel  nous  ]e 
comparons  ici  (tableau  II),  en  ce  qui  conceme 
notamment  la  diffusivite  thermique.  En  revanche, 
le  gain  en  temperature  de  fusion  conmenqante  est 
notable.  C'est  Id,  assurement,  un  avantage  serieux 
-en  particulier  pour  les  aubes  directrices- 
avantage  que  I'on  paye,  cependant,  en  difficultes 
technologiques  ; plus  la  temperature  de  fusion 
du  materiau  eat  eievee,  plus  les  difficultes 
d'eiaboration  s'accumulent.  Ajoute  d la  necessite 
de  forts  gradients  thermiques  et  de  faibles 
vitesses  de  cristallisation  orientee  du  composite, 
ceci  constitue  un  handicap  dont  11  faudra  tenir 
compte  dans  I'evaluation  du  coQt. 


I 
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Tableau  II  ■ Propri^tds  physiques 


Materiaux 

Propri6t6s 

Cotac  74  oriente 

IN  100 

en  long 

0 

en  travers 

1 

equiaxe 

Density,  p (10^  kg  m"^) 

8.6 

7,8 

Temperature  de  fusion  commenqante  (K) 

1606 

1535 

Dilatation  thermique  lin^aire  . 

1000  K 

13> 

14,6 

14,6 

moyenne,  a <10"*  K~‘| 

1100  K 

14,3 

15,3 

15,5 

entre  la  temperature  ambiante  et 

1200  K 

15.2 

16,3 

16,3 

1300  K 

16,2 

17,8 

17,4 

1000  K 

625 

525 

Chaleur  massique,  e.(J  kg"*  K~*)  e 

1100  K 

675 

660 

1200  K 

725 

760 

1300  K 

800 

845 

1000  K 

26 

18 

1 linn  K 

97  K 

20 

Conductivite  thermique,  X (W  m * K *)  e 

1200  K 

29,5 

23,5 

1300  K 

31  5 

27 

La  con^araison  des  caracteristiques  thermi* 
ques  du  composite  oriente  Cotac  7^  et  du  superal- 
liage  equiaxe  IN  100,  appelle  les  remarques 
suivantes  : 

1.  La  dilatation  thermique,  eC  , de  deux 
materiaux  est  de  meme  ordre  de  grandeur  ; les 
differences  du  comportement  du  composite  en  long 
et  en  travers  sont  faibles, 

2.  La  conductivity  thermique.  A > du  Cotac 
est  superieure  a celle  de  i*^alliage  du  commerce 


mais  cette  difference  s’amenuise  aux  temperatures 
elevees  ; a la  precision  de  mesures  pres,  ^ du 
Cotac  7^  reste  identique  dans  le  sens  long  et 
xravers • 

3*  L*evolution  similaire  de  la  difference  de 
la  chaleur  ^ssique,  c , conduit  finalement  a 
une  faible  incidence  s\ir  la  diffusivite  thermique 


Tableau  Ml  - Diffusivite  thermique  comparee. 


T"(K) 

\:<it 

^IN 

^Cot  ” ^IN 

'pIN 

'pC«  'pIN 

\/cfi  Cot  — X/cpIN 

^IN 

•VlIN 

X/cpIN 

875 

24,3 

15,5 

0,57 

565 

390 

0,50 

-0,05 

1225 

30,5 

24.2 

0,26 

745 

785 

-0,05 

0,20 

On  pent  done  dire  que  le  changement  de 
matidre  consistent  d remplacer  dans  une  aube 
refroidle  I'alliage  m 100  par  le  composite 
Cotac  TU  ne  modifie  pas  sensiblement  le  champ  de 
temperature  (8)  : 

- en  rggime  pennanent.  1' augmentation  de  ^ 
entraine  une  diminution  des  gradients  de  tempera^ 
ture  ce  (jui  a un  effet  favorable  sur  la  tenue  de 
I'aube  ; toutefois,  la  temperature  moyenne  de 
I'atibe  sera  pratiquement  inchangSe  ; 

- en  rigime  tranaitoire. 

(a)  el  faible  temperature  (roulage  au  sol — » pie  in 
gaz)  I'augmentaticHi  de  ^ , et  la  diminution 
relative  de  p /ep  entre&ient  une  augmentation 
des  gradients  de  temperature  ; cependant,  les 
temperatures  de  metea  etant  basses  cet  effet 
n'est  pas  dangereux  ; 

(b)  d haute  temperature  (plein  gaz  — » ralenti) 

1* augmentation  simultanee  de  P et  de  la  diffusi- 
vite entraine  des  gradients  thermiques  trds 
reduits : le  champ  de  temperature  doit  etre  peu 
affecte . 


FATIGUE  THKRMIftUE  - 


Superpose  aiax  contraintes  de  fluage  (solli- 
citation  centrifuge)  et  de  fatigue  (impulsions 
vibratoires  de  haute  frequence)  le  phenomdne  de 
fatigue  thermique,  e'est-a-dire  1' application 
repetee,  en  un  point  localise  de  la  pale,  de 
contraintes  mecaniques  et  thermiques  combinees, 
est  de  ceux  qui  peuvent  le  plus  facheusement 
dlgrader  la  duree  de  vie  d'une  aube.  Cependant, 
I'etude  des  lois  de  superposition  fluage-fatij;. 
n'en  est  qu'd  son  debut  (9»10);'le8  materiaux  mint 
caracterises  par  des  essais  de  laboratoire,  g^ne- 
ralement  en  soUicitation  unidirectionnelle.  Hais 
le  mecanisme  de  rupture  d'une  aube  depend  de  la 
combinaison  de  contraintes  complexes,  parmi 
lesquelles  il  faut  prioritairement  prendre  en 
compte  lea  soUicitations  liees  aux  regimes 
transitoires.  II  faut  done  determiner  le  nonbre 
de  cycles  de  vol  dont  I'aube  sera  capable  et  cette 
determination  exige  la  connaissance  du  spectre 
contrainte  et  temperature  ( o , T)  lors  d'un 
cycle.  Bien  entendu,  le  cycle  de  vol-type  comme 
le  noidire  de  cycles  est  different  suivant  qu'il 
s'agisse  d'un  avion  commercial,  moyen  ou  long 
courrier  ou  d'un  intercepteur,  par  exemple. 
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Tableau  I - Travail  de  rupture  compart  en  flexion  par  choc  (J  cm~^) 


Temp^ature 

EproMMttaa  liasM 

COTAC  74  IN  100 

Eprouv.  entaill4«i 

COTAC  74  IN  100 

Eprouv.  travart 

COTAC  74  antaill** 

20 

77  - 110  57  - 120 

25-31  14-28 

6 - 7 

700 

37,5  • 40  43 

21  - 23  12 

8.3  - 8.7 

1000 

48  - 50  25 

25  - 26  111 

13  - 14 

* EntaiUa  paratlele  aux  fibres. 

En  fluage,  pour  une  durSe  de  vie  de  1 000 
heures,  le  Cotac  JU  depasse  1*IN-  100  au  dessus  de 
900°  C (figure  3). 


On  voit  que  malgre  le  handicap  de  densite, 
le  gain  en  contrainte  specifique  est  de  plus  de 
30  * a 950°  C,  40  a 980°  C et  de  60  J a 
1 000°  C ; d contrainte  specifique  6gale,  le 
gain  en  temperature  est  de  40  a 80  K.  Four  des 
durSes  plus  longues, une  augmentation  de  contrainte 
de  30  J 40  J correspond  J un  gain  de  temperature 
de  100  K et  1* amelioration  en  duree  de  vie 
attaint  un  facteur  de  I'ordre  20.  II  faut  cepen- 
dant  remarquer  que  le  composite  est  moins  interes- 
sant  en  fluage  d temperature  moyenne  et  aussi  plus 
sensible  atnc  variations  de  contrainte  que 
I'alliage  Sqtiiaxe  : li  900°  C,  pour  passer  d'une 
durSe  de  vie  moyenne  de  150  a 1 000  heures,  il 
faut  abaisser  la  contrainte  de  fluage  de  I'lK  100 
de  plus  de  25  alors  qu'une  faible  reduction  de 
contrainte  -infSrieure  d 10  f-  suffit  d gagner 
le  meme  temps  de  rupture  dans  le  Cotac  74. 

Pour  une  aube  de  turbine,  1' association  des 
caractiristiques  de  fluage,  et  la  repartition  des 
contraintes  <S  et  de  la  temperature  T le  long  de 
la  pale  permet  dSjd  I'estimation  des  possibilites 
du  oateriau  en  duree  de  vie  par  la  localisation 
du  point  critique  oO  les  courbes  (C,  Tj  le  long 
de  I'aube  rencontrent  la  courte  de  duree  de  vie 
correspondante  du  materiau.  Dans  les  superallia^ 
ges  usuels,  on  trace  generaleraent  la  famille  de 
courbes  de  300,  1 000  ou  2 000  heures  de  duree 
d la  temperature  admissible,  fonction  de  la 
contrainte,  pour  provoquer  une  deformation  de 
1 { ; cependant,  en  ce  qui  conceme  le  composite 
Cotac  74,  les  ruptures  en  fluage  se  font  avec  des 
deformations  relativement  faibles,  de  I'ordre  de 
1,2  - 1,5  X;  il  faut  done  prendre  en  compte  ici 
non  pas  tant  «ie  deformation  limite  mais  la  duree 
de  vie  du  siateriau  affectee  d'un  coefficient  de 
correction.  Four  I'alliage  IN  100,  par  exemple, 
les  resultats  experimentaux  montrent  que  le 
teisps  d deformation  1 X correspond  sensiblement 
d la  demi-duree  de  vie  en  fluage  rupture  ; pour 
le  calcul  du  Cotac  74  on  prend  habituellement  la 
duree  de  vie,  minoree  et  divisee  par  deux,  ce  qui 


laisse  une  bonne  marge  de  securite  puisque  la 
deformation  de  1 !(  est  prds  de  la  durSe  totale. 
La  figure  4,  par  exemple,  compare  les  possibili- 
tes des  materiaux  pour  la  confection  d'une  au^e 
non  refroidie,  basse  pression,  e'est-a-dire  dont 
la  pale  est  soumise  a des  contraintes  centrifu- 
ges relativement  faibles  : la  temperature  maxi- 
male admissible,  provoquant  dans  les  superallia- 
ges  IH  100  et  DS  200  une  deformation  de  fluage 
de  1 < en  2 000  heures  est  comparee  ici  a une 
duree  de  5 000  heures  du  composite  Cotac  7**. 


f/p  4 


Une  telle  representation  a I'avantage  de 
montrer  la  possibilite  d'emploi  du  composite 
pendant  de  longues  dulses,  sous  contrainte 
modlree.  Dans  les  turbomachines  d double  flux 
de  la  prochaine  generation  dont  les  itages  basse 
pression  travailleront  d des  temperatures  supe- 
rieures  a 1 000°  C,  le  Cotac  74  parait  particu- 
liSrement  interessant  pour  la  fabrication  d'aubes 
pleines,  evitant  ainsi  les  complications  techno- 
logiques  facheuses  pour  des  circuits  de  refroi- 
dissement  suppieraentaires. 

Cependant,  a cote  des  proprietes  determinees 
en  fluage,  e'est-a-dire  en  fonctionnement  stabi- 
lise, restent  les  probl&oes  thermiques  et  les 
soUicitations  vibratoires  lesquels,  avec  I'oxy- 
dation  et  la  corrosion  sSche,  constituent  les 
facteurs  principaux  de  la  duree  de  vie  et  de  la 
fiabilite  des  aubes.  Nous  allons  passer  en  revue 
chacun  de  ces  points. 


FROBLEMES  IHERMIQUES  - 


De  densite  equivalents  S celle  de  la  plupart 
de  superalliages  d base  de  Ni  (DS  200,  X-40, 

Bene  120) , plus  leger  que  les  alliages  d base  de 
Co  (MAR-  M 509,  L-  605,  WI-52),  le  Cotac  74  se 
trouve  cependant  penalise  par  I'exceptionnelle 
legdrete  de  I'alliage  IN  - 100  auquel  nous  le 
comparons  ici  (tableau  II),  en  ce  qui  conceme 
notamment  la  diffusivite  thermique.  En  revanche, 
le  gain  en  temperature  de  fusion  commenqante  est 
notable.  C'est  Id,  assurement,  un  avantage  serieux 
-en  particulier  pour  les  aubes  directrices- 
avantage  que  I'on  paye,  cependant,  en  difficultes 
technologiques  : plus  la  temperature  de  fusion 
du  materiau  est  eievee,  plus  les  difficultes 
d'eiaboration  s'accumulent.  Ajoute  d la  necessite 
de  forts  gradients  thermiques  et  de  faibles 
vitesses  de  cri stall isation  orientee  du  composite, 
ceci  constitue  un  handicap  dont  il  faudra  tenir 
cosqpte  dans  I'evaluation  du  coQt. 


Le  plus  simple  est  de  calculer  le  cycle  de 
deformation  mecanique  subi  par  chaque  element 
d'aube  au  cours  ae  la  periode  transitoire  et 
comparer  le  resultat  d des  cycles  repetes  au 
laboratoire.  Si,  pour  simplifier,  on  suppose  que 
les  sections  d'aubes  restent  planes  et  paralleles 
a elles-memes  du  fait  de  I'intensite  du  champ 
centrifuge,  le  niveau  de  contrainte  thermique 
locale  o sera,  dans  le  domaine  elastique,  du 
type 


0 « E a 


( T 

may 


T 


locale 
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Superpose  aux  solli citations  centrifuges,  le 
niveau  de  contraintes  ainsi  calcule  depasse 
facilement  le  domaine  elastique.  Cependant, 
moyennant  I'hypothdse  simplificatrice  ci-dessus 
et  si  I'on  connatt  les  lois  du  comportement  du 
materiau,  le  calcul  reste  possible,  aussi  bien 
pour  la  phase  arret  — ►plein  gaz  que  pour  la 
Sollicitation  dans  le  passage  instantane  inverse 
(NB.Dans  le  cas  PG  — » arret,  chaque  cycle  diffdre 
du  precedent  car  dans  le  domaine  plastique  du 
materiau  chaque  element  d'aube  possdde  deja  une 
deformation  mecanique  propre.  Cependant,  I'expS- 
rience  montre  que  les  cycles  de  deformation 
convergent  rapidement  vers  un  cycle  stabilise 
ce  qui  permet  d'effectuer  des  essais  sur  eprou- 
vettes  simples  au  laboratoire,  representatifs  du 
cycle  subi  par  chaque  element  de  I'aube). 

Sur  le  plan  experimental,  deux  types  d'essais 
ont  ete  faits  sur  le  composite  Cotac  7**.  D'une 
part  des  essais  de  cyclage  thermique  destines  li 
definir  la  stability  structurale  du  materiau  lors 
des  cycles  chauffage  -refroidissement  repStSs  et 
leur  incidence  sur  les  proprietes  mecaniques  ; 
d’ autre  part,  des  essais  de  fatigue  thermique 
proprement  dite  sur  ^prouvettes  coin  dans  des 
conditions  simulant  le  processus  de  fissuration 
des  bords  de  fuite  d'aubes  de  turbine. 


Cyclage  thermique  - 

La  difference  des  coefficients  de  dilatation 
thermique  des  fibres  et  de  la  matrice  peut  intro- 
duire  dans  le  composite  de  fortes  contraintes 
internes  lors  des  chauffages  et  des  refroidisse- 
ments  rSpSt^s.  Si  ces  contraintes  dSpassent  le 
domaine  Elastique  de  la  matrice,  I'equilibre  ther- 
modynamique  entre  les  phases  est  dStruit  et  I'ac- 
cumxilation  de  deformations  plastiques  r€p€tees 
peut  provoquer  une  degradation  de  la  phase  de 
renforcement  entrainant  une  baisse  des  caracte- 
ristiques  du  materiau.  II  a done  ete  decide  de 
rechercher  pour  les  composites  Cotac  7U  des 
matrices  fortement  durcies,  § limite  elastique 
eievee,  de  maniSre  a assurer  au  composite  une 
duree  de  vie  en  fluage  cycle  equivalente  ou  la 
plus  proche  possible  du  fluage  i^therme  (11). 
Cetait  le  sens  du  choix  des  matrices  a base  de 
Ni,  avantageusement  durcissables  en  solution 
solide  et  par  precipitation  coherente  de  la  phase 
ordonnee  y ' . 

Les  essais  sous  contrainte  appliquee  compor- 
taient  generalement  des  cycles  de  30  minutes 
dent  28  minutes  de  maintien  H temperature 
maximale  (800  it  1 100®  C)  suivi  d'un  refroidis-> 
sement  rapide  i 230°  C environ.  Dans  ces  condi> 
tions  1' incidence  du  cyclage  thermique  sur  la 
stabilite  des  fibres  et  les  performances  du  compo- 
site Cotac  7^  sont  nulles  i teisperature  moderee 
(par  exemple,  non  nqpture  en  5 000  h de  fluage 
cycle  -plus  de  10  000  cycles-  entre  800  et  250°  C 
sous  une  contrainte  de  UOO  MPa)  •,  aux  temperatures 
maximales  de  1 100°  C,la  fatigue  thermique  provo- 
que  une  leg^re  degradation  des  caracteristiques  : 
pour  obtenir  en  fluage  cycle  une  duree  de  vie 
equivalente  i celle  du  fluage  iaotherme  la 
contrainte  doit  8tre  reduite  d' environ  10  % (7), 


Fissuration  en  fatigue  thermique  - 

Ces  essais,  dont  I'objectif  est  I'etude  de 
la  formation  et  de  la  croissance  de  fissures  dans 
des  conditions  representatives  de  la  fissuration 
reelle  des  bords  de  fuite  d'aube  de  turbine,  ont 
ete  realises  sur  des  eprouvettes  coin,  5 bord 
mince  ( r = 0,25  mm)  par  chauffage  au  chalumeau 
a propane  en  60  secondes  jusqu'a  1 100°  C et 
refroidissement  au  jet  d'air  force  en  20  secondes 
jusqu'a  environ  100°  C (figure  5). 

Fatigue  tharmiqua  du  COTAC  74 
SchAma  da  I'Aprouvatta  at  du  cycle 


Aux  fins  de  comparaison,  les  essais  ont  ete 
poursuivis  dans  des  conditions  identiques  sur  le 
composite  Cotac  7^  et  sur  deux  superalliages, 

I'lH  100  k base  de  Ni  et  MAH-M  509  6 base  de 
Co  (•).  Les  trois  materiaux  ont  subi  une  protec- 
tion superficielle  preedable,  Comme  le  chauffage 
et  le  refroidissement  s'effectuent  peir  I'attaque 
directe  de  I'ar^te  mince,  ceci  conduit  a I'eta- 
blissement  des  isothermes  sensiblement  paralleles 
au  bord,  aux  fibres  de  renforcement  et  aux  joints 
de  grains  du  composite.  Dans  ces  conditions,  des 
fissures  apparaissent  sur  le  bord  mince  des 
eprouvettes.  La  figure  6 compare  la  propagation 
de  la  plus  longue  fissure  de  chaque  materiau  en 
fonction  du  temps  (nombre  de  cycles). 


Fatigue  tharmiqua 

Evolution  do  la  plus  longua  criqua  an  fonction  da  la  tampAratura 


Longi 


I la 


criqua, an  mm 


ini 


IN  too  alumlnlaA 


-ra  chromahjmlnlaA 
J lUM  ,|.m-1..I.A — 

— jBESMa-Af 


Nb^  d«  eyelet 


150 


200 


300 


F^6 


On  constate  que  la  tenue  du  composite  Cotac 
7^9  nettement  meilleure  que  celle  du  superalliage 
Dr-lOO,  reste  tr^s  proche  de  I'alliage  MAR-M  509 
& base  de  Co,  connu  pour  sa  bonne  tenue  en  fissu* 
ratlOT  thenvm^canique  (12)g  L'a&alyse  plus 
fine  de  I'essai  pemet  de  mettre  en  relief  les 
differences  du  aecanisme  de  fissuration  de  ces 


(*)  MAR-M  509,  coi^sition  normale  : 

Co-23  Cr  - 10  Ni  -7  W 3,5  Ta.0,6C-  ^r.  Hi 
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deux  materlaux.  Dans  I'alliage  MAR-M  509.  on 
remarque  d'abord  la  formation  de  petites  fissures 
de  I'ordre  de  0,5  mn  qui  se  propagent  lentement 
mais  continuellement  jusqu'a  atteindre  5 a 10  mm 
de  long.  Dans  le  Cotac  7k,  en  revanche,  les 
petites  criques  se  stabilisent  a une  longueur  de 
0,5  a 1,5  mm,  ce  qui  correspond  a la  distance 
entre  le  bond  mince  et  le  premier  joint  de  grain. 
Cependant,  si  les  fissures  ne  progressent  pas 
vers  I'intSrieur,  leur  nombre  augments  avec  le 
nombre  de  cycles  et  peut  atteindre  une  densite 
de  20  fissures  par  cm.  Bien  que  les  fissures  de 
fatigue  thermique  n'evoluent  plus  dans  le  Cotac 
Jk  aprSs  quelques  centaines  de  cycles,  certains 
essais  ont  ete  poursuivis  bien  au-dela  : apr§s 
U 500  cycles  on  peut  voir  la  couche  de  protection 
superficielle  gcmfler  et  se  decoUer^  ce  qui 
entrains  une  oxydation  locale  accentuee  au  niveau 
de  1' interface  composite— protection  (protection 
Cr  A1  standard  ; les  nouvelles  protections  dont 
il  sera  question  plus  loin  (13  _)  n'ont  pas  6te 
experimentSes  dans  ces  essais). 


Les  Sprouvettes  sont  sollicitees  dans  un 
montage  de  flexion  en  trois  points,  distance  entre 
appuis  UO  mm,  a 900  corame  d 1 050°  C,  Les  defor- 
mations de  fluage  correspondent  aux  fldches 
mesurSes  sur  les  enregistrements  0,2‘i  h avant  la 
rupture. 


Tableau  V • Fluage  en  flexion. 


Temperature 

Charge 

IN  100 

Cotac  74 

(°C) 

(Kgp) 

*rupl. 

fleche  (mm) 

»rup<.  IW 

fleche  (mm) 

90 

1273 

11 

900 

105 

150 

6 

116,4 

11 

126 

49,5 

7,8 

76 

11 

27 

332 

9,8 

600 

1,0 

1050 

35 

124 

4,5 

163 

2.3 

40 

35 

5,6 

45 

21 

5.2 

28,5 

2,7 

Tableau  IV  - Modules  d'eiasticite  compares. 


1 

Cotac  74 

//  i 

IN  100 

( 300  K 

158  171 

218 

< 1000  K 

122  137 

175 

dynamique  (GPa)  e / 

158 

( 1200  K 

106  118 

Par  rapport  a I'alliage  equiaxe  IN-100,  la 
progression  de  fissures  plus  lente  s'explique  ici, 
d'une  part,  par  la  plus  faible  valeur  du  module 
elastique  du  composite,  ce  qui  permet  la  formation 
d'une  zone  plastique  en  tete  de  la  fissure. (Dans 
ce  materiau  hautement  anisotrope,  le  module 
transversal  est  d' environ  8 f plus  Sieve  ; il 
faut  cependant  noter  que  le  module  specifique 
E/f  reste  plus  faible  et  ceci  conduit,  dans  des 
piSces  de  meme  geomStrie,  d des  frequences  propres 
20  % plus  basses).  D' autre  part,  1' absence  de 

joints  de  grains  perpendiculaires  au  bord  de  fuite 
est  apparemment  aussi  favorable  d la  bonne  tenue 
en  fatigue  thermique. 

ESSAIS  MOINS  COURAHTS  - 


On  remarque  (tableau  V)  que  les  durees  de 
vie  en  fluage  augmentent  rapidemeht  lorsque  la 
charge  decroit  edors  que  les  deformations  de 
ruptures  restent  sensiblement  constantes.  A 900°  C 
le  composite  ne  presente  pas  de  fragilite  peurti- 
culiSre  : la  plasticitS  est  confortable,  supe- 
rieure  a celle  mesurSe  sur  le  superalliage  de 
commerce  pour  des  dur6es  de  vie  comparables.  A 
1 050°  C,  on  note  pour  le  composite  des  capacitis 
de  deformation  plastique  relativement  faibles, 
bien  que,  pour  une  charge  identique,  les  temps  de 
rupture  du  Cotac  restent  plus  longs  que  les 
durSes  de  vie  de  IN  100. 

Fluage  sur  gprouv^tes  entailiees  (K.^  = 3,U)  - 

Les  Sprouvettes  de  Cotac  7^  ont  ete  prSlevees 
parallelement  d I'axe  de  fibres  de  renforcement. 

La  figure  7 permet  de  comparer  les  durees  de  vie 
en  fluage  sur  eprouvettes  lisses  et  sur  eprouvet- 
tes  entaillees  (K  = 3,**)  en  Cotac  7**,  sous  diffl- 
rentes  contraintes  d 800,  1 000  et  1 050°  C. 

OurM  d«  via  compare*  an  fluag*  llaa*  at  an  fluag*  antalllOa 
sur  COTAC  74  (KfS.A) 


Pour  des  materiaux  isotropes,  il  exists  de 
nombreux  modes  de  calcul  et  d' experimentation  du 
comportement , bases  sur  la  theorie  de  deformation 
du  solide  homogdne.  L' apparition  des  composites 
synthetiques  dans  les  structures  d'avions  a,  de 
son  cote,  incite  au  developpement  d'outils  analy- 
tiques  mieux  adaptes  aux  materiaux  snisotropes. 
Cependant,  le  domaine  conceme  ne  depasse  pas, 
pour  1' instant, la  region  de  temperatures  modestes, 
de  I'ordre  de  500  K.  Il  serait  souhaitable  de  voir 
affiner  aujourd'hui  de  telles  techniques  pour  les 
composites  refractaires  naturels  qui  doivent 
travailler  dans  le  domaine  de  temperatures 
eievees.  Sur  le  plan  experimental,  nous  piesen- 
tons  ici  un  certain  nombre  de  resultats  d'essais 
moins  convent ionnels,  tels  que  fluage  en  flexion, 
fluage  entailie  ou  encore  fluage  par  cisaillement, 
pour  la  caracterisation  de  la  tenue  du  pied  de  la 
pale  (1*»). 

Fluage  en  flexion  _ 


Il  s'agiasait  de  verifier  comnent  la  defor- 
mabilite  relativement  faible  du  composite  en 
fluage-traction  d haute  temperature  a'accentue 
ou  s'attenue  lorsque  la  ccmtrainte  n'est  pas 
uniforme  dans  toute  la  section  de  1 ' eprouvette . A 
titre  de  comparaison,  ces  essais  ont  Ite  poursui- 
vis paralieieraent  sur  le  Cotac  7*t  et  sur  I'IN  100, 
d la  temperature  de  900  qt  1 050°  C. 


Q Eprouv*tt««  •ntalltpat 


On  peut  remarquer  que  la  presence  d'une 
entailie  K^.  = 3,**  n'a  pas  d'effet  dommageable  sur 
la  tenue  en  fluage  du  composite.  Les  durees  de  vie 
d'eprouvettes  entailiees  restent  equivalentes  d 
celles  determinees  sur  eprouvettes  lisses,  a 
1 050°  C ; a 1 000°  C elles  augmentent  d'un  fao- 
teur  2,5  a U,1  et  d la  temperature  de  800°  C 
(pied  de  la  pale)  la  presence  de  I'entaille 
amSliore  le  temps  de  rupture  d'un  facteur  k a U,3. 

fluage  en  eiaaillemant  (pied  de  sapin)  - 

Ces  essais  ont  pour  objectif  de  soumettre  le 
composite  d des  contrcuntes  de  cisaillement  exer- 
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cees  parall^lement  aux  fibres,  type  de  sollicita- 
tion  qui  se  rencontre  dans  les  dents  de  1* attache 
des  aubes  au  disque  de  la  turbine.  Des  essais 
comparatifs  ont  ete  executes  sur  le  composite 
Cotac  et  sur  l*alliage  IN  100,  a la  temperature 
de  TOO®  C sous  une  contrainte  de  ^*00  MPa  (charge 
rapportee  a la  surface  theorique  de  cisaillement 
dans  le  sens  de  l*effort  applique).  Par  anaJ.ogie 
avec  le  comportement  de  composites  synthetiques 
on  pouvait  craindre  qu*un  effort  de  cisaillement 
parall^le  aux  fibres  ne  provoque  de  rupture  prema— 
turee  sous  faible  contrainte  le  long  des  interfaces 
matrice-fibres.  C*est  la  raison  du  choix  f’es  condi- 
tions particuli^rement  severes  avec  contraintes  de 
cisaillement  relativement  elevees,  compte  tenu 
des  sollicitations  reelles  subies  par  le  pied  de 
la  pale. 

FLUAGE  PAR  CISAILLEMENT 


Cofoc  74  IN  100 


T*mp  ( K) 

- 

T«mp»  d«  r 

jpK.'-#  (h) 

Cotoc  74  1 

IN  100 

975 

9960 

400 

1 '.1 

Fig.  8 

On  remarque  (figure  8)  que  dans  ces  conditions 
(973  K/UoO  MPa)  la  rupture  du  composite  se  fait 
bien  en  fluage  par  cisaillement  parallele  aux 
fibres,  alors  que  dans  les  memes  conditions 
I’alliage  equiaxe  IN  100  rompt  rapidement  par 
decohesion  en  traction.  Compte  tenu  de  la  grande 
difference  des  durees  de  vie  enregistrees  dans  cet 
essai  il  semble  que  la  tenue  du  pied  de  sapin 
d* aubes  en  Cotac  7^  ne  doivepas  inspirer  de  crainte 
particuliere. 

FATIGUE  OLIGOCY CLIQUE  (PIED  DE  LA  PALE)  - 

Afin  de  completer  la  caracterisation  du 
comportement  de  I’attache  de  l*aube  en  Cotac  7^, 
des  essais  de  fatigue  oligocyclique  ont  ete  effec- 
tues  a la  temperature  de  923  K.  Par  suite  de  la 
combinaison  de  contraintes  thermiques  et  mecaniques. 


la  piece  subit  des  sollicitations  vibratoires  de 
basse  frequence,  sollicitations  qui  atteignent 
des  niveaux  les  plus  elev^s  en  regime  transitoire 
lors  d*une  acceleration  ou,  une  deceleration 
rapide  du  moteur. 

Les  essais  ont  ete  effectues  en  traction  repe- 
tee  a la  frequence  d’un  cycle  par  minute.  Chaqoe 
cycle  comportait  une  mise  sous  contrainte  rapide 
(10  s)  suivie  d*un  palier  de  maintien  a 
pendant  20  secondes  ; la  decharge  (10  s)  etait  a 
son  tour  suivie  d*un  palier  de  maintien  de 
20  secondes  a (figure  9). 

Fatigu*  oligocycllqua  comparee  a 923  K 
aur  iprouvattas  antaillaas  (K^  2.4) 


Fig.  9 


Sur  eprouvettes  plates,  entailiees  d*un  cote 
(K.  = 2,U)  la  comparaison  des  resultats  d* endurance 
A lO^  cycles  montre  une  nette  superiority  du  Cotac 
7^  -prAs  de  Uo  %~  par  rapport  a 1‘eilliage  du 
commerce. 

FATIGUE  HAUTE  FREQUENCE  - 

De  fagon  g^nerale,  en  fatigue  haute  frequence, 
la  limite  d* endurance  des  composites  naturels  est 
superieure  A celle  des  superalliages  conventionnels 
(15  ).  Pour  le  Cotac  tI*,  les  resultats  sont  indiques 
dans  le  tableau  VI  . La  tenue  en  fatigue  dans  le  sens 
travers  se  situe  encore  A 75  ^ du  resultat  en 
long  et,  en  ce  qui  conceme  1*  influence  de  la 
protection  superficielle,  les  limites  d' endurance 
determinees  en  flexion  rotative  indiquent  ime 
baisse  minime,  de  I'ordre  de  2 %»  L'examen  de 
surfaces  en  fractographie  montre  ^u* environ  70  % 
de  la  section  est  du  type  rupture  en  fatigue. 


Tableau  VI  - Fatigue  haute  frequence  sur  Cotac  74. 


Temperature 

Eprouvette 

Sollicitation 

"nonrupt.  en  10’ cycles 

(K) 

Type 

Frequence  (Hz) 

(MPal 

293 

Torique.  //  aux  fibres 

Flexion  rot. 

49 

± 400 

293 

Torique,  1 aux  fibres 

Flexion  rot. 

49 

± 310 

973 

Torique,  //  aux  fibres 

Traction  r4p4t^e 

87 

20  • 680 

1073 

Torique,  //  aux  fibres 

Traction  r4p4t4e 

87 

20  ■ 520 

Ces  ry-uj.tats  ne  doivent  pas  faire  oublier 
que  les  ruptures  relAvent  souvent  des  mecanismes, 
plus  complexes,  par  example,  superposition  des 
sollicitations  stationnaires  axix  phenomAnes 
vibratoires  de  haute  frequence.  II  faudra  veiller 
Agalement  au  risque  d'entrAe  en  rAsonance  avec  la 
frequence  propre  de  I'aube,  signede  plus  haut. 


IMPACT  BALISTIQUE  - 

Dans  ces  essais,  de  type  technologique,  on 
compare  I'evolution  des  dommages  A haute  tempAra- 
ture  provoquAs  par  des  projectiles  tirAs  A diffA- 
rentes  vitesses.  Un  projectile  de  3 g.  A bout 
tronconique,  vient  frapper  des  plaquettes-cibles 
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30  X 70  mm,  de  2,3  mm  d'^paisseur,  encastrees  d 
une  extremity.  Les  cibles  sont  portges  d la  tempe- 
rature de  800,  950  ou  1 100°  C au  moyen  d'un  chalu- 
iLeau  oxyacetyienique  et  les  temperatures  sont 
controiees  sur  la  face  opposee,  au  niveau  de 
I'impact,  par  deux  couples  thennoeiectriques.  Les 
essais  faits  sur  eprouvettes  du  composite  Cotac  7U 
et  des  alliages  IN  100  et  MAR-M  509  pennettent 
de  constater  qu'aux  temperatures  et  conditions  de 
tir,  c'est  le  composite  qui  a la  meilleure  tenue 
a 1 ' impact  (1** ) . 

A 800°  C,  a endommagement  comparable,  le  gain 
de  vitesse  de  tir  sur  Cotac  7**  est  de  20  m s“^  par 
rapport  a I'IN  100  et  de  30  m s”^  par  rapport  au 
MAR-M  509. 

A 950°  C,le  gain  sur  I'IN  100  est  de  Uo  5 50 
ms"^  et,  par  rapport  aux  cibles  en  MAR-M  509,  de 
25  a 30  ms”^. 

A 1 100°  C,le  Cotac  7**  n'a  ete  compare  qu'4 
I'alliage  MAR-M  509  seul.  Les  deformations  appa- 
rentes  sont  plus  faibles  qu'a  800  et  950°  C,  les 
fissures  se  developpent  psu-allelement  et  normale- 
ment  aux  fibres,  la  tenue  d I'impact  du  composite 
reste  superieure  ^ celle  de  I'alliage  MAR-M  509. 

On  remarque  cependant  (eprouvettes  protegees  par 
Cr  A1  standard)  une  mauvaise  adherence  du  dSpSt 
de  protection  superficielle  qui  se  fissure 
(figure  10). 

COTAC  74  PROTEGE  CrAI  STANOARO 
ESSAI&  DTMPACT  BALISTIOUE 


Fig.  10 

CORROSION  SECHE.  OXIDATION  ET  PROTECTION  DU 
COTAC  7lt  - 

A cote  des  dommages  accidentals  occasionnSs 
par  1' injection  de  corps  Strangers  ou  par  derS- 
glage  du  moteur,  les  piSces  chaudes  sUbissent  en 
fonctionnement  une  degradation  progressive  de 
leurs  proprietes  par  rapport  aux  caractSristiques 
d'origine  et  cela  tant  5 cause  de  I'evolution 
structurale  du  matSriau  qu'5  la  suite  de  1' agres- 
sion en  surface  par  le  milieu  ambiant.  En  ce  qui 
conceme  la  stabilite  structurale  (problemes  de 
diffusion  thermique  accelSree,  apparition  de 
phases  indesirables,  coalescence  etc.,.),  les 
rSsultats  d' essais  de  longue  durSe  sur  le  Cotac 
7^,  rapports s plus  haut,  montrent  abondamment  que 
ce  point  reste  I'objet  de  1' attention  vigilante 
des  physicians  du  mStal.  Reste  le  problems  de 
1' incidence  d'une  exposition  prolongSe  du  conqm- 
site  il  une  atmosphere  hautement  oxydante,  aggravSe 
aux  tempSratures  plus  modSrSes  par  I'attaque 
sulfurante  en  milieu  salin.  Nous  I'abordons  ci- 
aprSs. 

Le  rapport  comburant  / carburant  contient 
un  grand  excSs  d'air  et  les  gaz  de  combustion 
attaquent  toujours  les  aubes  e haute  tempSrature 
avec  une  flamme  oxydante.  D' autre  part  dans  les 
moteurs  d'avions  qui  utilisent  pourtant  du 
kSrosSne  raffinS,  lea  gaz  de  combustion  n'en 
contiennent  pas  moins  des  impuretSs  comme  le 
soufre  ou  le  sel  qui  peuvent  provenir  aussi  bien 
du  coiil>ustible  que  de  I'air. 


Comme  il  n'existe  pas  d'alliages  mStalliques 
pouvant  satisfaire  a la  fois  aux  multiples  condi- 
tions mecaniques  requises  a haute  tempSrature  et 
douSs  en  meme  temps  d'une  parfaite  inertia  devant 
1' agression  du  milieu  ambiant,  on  choisit  le 
matSriau  en  function  du  premier  critSre  (haute 
rSsistance  mScanique  et  thermique),  i condition, 
bien  entendu,  qu'il  ait  au  moins  une  aptitude  i 
la  protection  superficielle  par  un  revetement 
appropriS.  De  fait,  quel  que  soit  le  matSriau 
inStallique  cboisi,  les  aubes  de  turbine  reqoivent 
toutes  un  gainage  protecteur. 

Les  qualitSs  protectrices  du  gainage  (attaque 
chimique,  erosion,  stabilitS)  doivent  s'accompa- 
gner  d'une  bonne  adhSrence  au  substrat,  d'une 
stabilitS  relative  par  rapport  k celui-ci  de 
maniSre  a minimiser  les  Schanges  par  diffusion, 
d'une  plasticitS  capable  de  compenser  les  diffS- 
rences  de  dilatation  thermique  entre  la  piSce  et 
son  revetement.  Pour  des  raioons  de  sScuritS  il 
est  aussi  nScessaire  que  la  rSsistar.ee  propre  de 
I'alliage  en  oxydation  et  en  corrosion  sgche  soit 
dSja  suffisante  pour  Sliminer  le  risque  d'une 
dSgradation  catastrophique  conduisant  d la  destruc- 
tion rapide  de  la  piece  et  la  suite  d'un  endommage- 
ment  accidental  de  la  couche  de  protection. 


Sur  ce  dernier  point,  il  n'y  a pas  de  problS- 
mes  particuliers.  La  tenue  du  co]iq>osite  Cotac  7** 
non  protSge  en  corrosion  sSche  ou  en  oxydation  a 
haute  tempSrature  est  gSneralement  du  meme  ordre 
sinon  meilleure  que  celle  de  la  plupart  d'alliages 
actuellement  utilises,  en  particulier  I'IN  100. 

En  attestent  de  nombreux  essais  d'oxydation  et  de 
corrosion  directs  du  Cotac  7*t  nu  ainsi  que  les 
essais  de  fluage  de  longue  duree  et  de  fatigue 
dans  I'air  sur  eprouvettes  avec  et  sans  protection. 
En  revanche,  le  problSme  de  protection  du  composite 
se  revSle  plus  delicat. 


Il  y a d'abord  le  fait  que,  si  le  composite 
doit  assurer  un  gain  en  temperature  d'utilisation, 
le  revetement  protecteur  devra,  lui  aussi,  pouvoir 
resister  a des  tempSratures  au  moins  UO  d 60  K 
plus  SlevSes  que  n'en  demandaient  les  ailettes  en 
alliages  commerciaux  actuals.  De  surcroit,  il  est 
vrai,  les  composites  anisotropes  biphasSs  n'ont 
pas  la  meme  aptitude  au  revetement  que  les  alliages 
homogenes. 


Le  dSveloppement  des  mSthodes  de  protection 
ONERA  a permis  de  trouver  une  solution  efficace 
qui  consists  5 interposer  entre  le  matSriau 
composite  et  le  gainage  superficial  une  couche  de 
diffusion  intermSdiaire  constituSe  d'un  alliage 
Ni-Cr  type  80/20  avec  additions  stabilisantes.  Ce 
point  sera  dSveloppS  plus  loin  (rSfSrenoe  13  ) . 

Qu'il  suffise  de  dire  ici  que  les  revetements 
rSalisSs,  dSnommSs  DE  77,  sont  relotivement 
ductiles  et  assurent  une  protection  efficace  du 
composite,  aussi  bien  ccxitre  I'oxydation  a haute 
tempSrature  que  contre  la  corrosion  saline  en 
essais  de  cyclage  sur  roue  expSrimentale.  L'Spais- 
seur  rSguliere  du  gainage, prSdSterminSe  avec  prSci- 
sion,  n'Svolue  pratiquement  pas  au  cours  de  main- 
tien  prolongs  £ haute  tempSrature. 


L' incidence  du  gainage  DE  77  sur  les  propriS- 
tSs  mScaniques  du  Cotac  7^  sont  examinSes  en 
dStail.  Jusqu'i  900°  C,les  essais  de  fluage  donnent 
des  rSsultats  identiques  sur  Sprouvettes  protSgSes 
et  sur  Sprouvettes  nues  ; k tempSrature  plus  SlevSe 
(1  000  et  1 070°  C)yune  certaine  perte  en  contrain- 
te  pourrait  etre  estimSe  el  environ  10  f.  Des  dSter- 
minations  plus  prScises  sont  en  cours. 
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Cf'-’O^USIOBS  - 

Nous  avons  dressS  un  bilazi  de  caract^risti- 
ques  du  conqnsite  naturel  Cotac  7^,  matSriau 
destinS  d la  confection  d'aubes  de  turbomachines 
de  demain.  Plus  resistant,  capable  d'un  gain  en 
temperature  et  en  contrainte  par  rapport  aux  per- 
formances des  cLlliages  actuels,  le  coiiq>osite  n'en 
constitue  pas  moins  mat^riau  inusuel,  hautement 
snisotrope,  ^labor®  par  des  techniques  speciales. 

II  n'est  pas  Evident,  a priori,  que  ses  propriStSs 
exceptionnelles  mesur^es  paralldlement  aux  fibres 
suffisent  d provoquer  I'adhesion  spontanSe  du 
motorists,  meme  si  les  performances  dans  les 
autres  directions  nous  paraissent  rassurantes. 

Le  Cotac  est  un  materiau  nouveau  et  son  utili- 
sation gventuelle  depend  moins  de  1' appreciation 
de  ceux  qui  I'^laborent  que  de  I'intSret  de  ceux 
qui  doivent  I'appliquer.  Aussi,  plutot  que  de 
porter  un  Jugement  de  quality,  nous  sommes-nous 
limites  d comparer  ses  caracteristiques,  courantes 
et  moins  courantes,  avec  les  proprietSs  de 
meilleurs  matgriaux  metalliques  d'aujourd'hui  pour 
voir  dans  quelle  mesure  le  Cotac  Jk  offre  la  possi- 
bilite  de  satisfaire  aux  exigences  de  la  technolo- 
gie  des  moteurs  de  demain.  La  question  reste 
ouverte  et  les  elements  de  reponse  devront  etre 
cherches  dans  un  ^change  suivi  avec  les  futurs 
utilisateurs. 

Pour  notre  part,  les  r^su' tats  satisfaisants 
dejd  acquis  sur  le  Cotac  7^  n nous  cachent  pas 
1' importance  du  travail  qui  reste  d accomplir. 

II  nous  faut  approfondir  les  probldmes  fondamen- 
taux  de  solidification,  diminuer  progressivement 
le  nombre  d'hypotheses  simplificatrices  pour 
mettre  d la  disposition  des  industriels  une 
mSthode  d'6laboration  elegante  et  simple,  permet- 
tant  I'obtention  des  pidces  en  composites  aux 
propriet£s  requises  et  a cout  reduit.  II  nous 
faut  ameliorer  laprevision  par  calcul  thennodyna- 
mique  des  diagrammes  des  systdmes  plus  complexes, 
evitant  erreurs  et  tatoimements . 

C'est  la  voie  que  nous  poiursuivons , Si  nous 
nous  sommes  limites  ici  d la  presentation  du  Cotac 
7*t  sur  lequel  la  caracterisation  a ete  la  plus 
pousseeen  essais  de  laboratoire  comma  au  banc 
moteur,  des  raffinements  de  composition  nous  ont 
dejd  permis  d'elargir  la  famille  Cotac  7lt  aux 
nuances  7**1  et  7**2,  plus  resistantes,  plus  rSfrac- 
taires,  plus  fiables  en  durSe.  Des  methodes 
d'elaboration  nouvelles,  actuellement  experimentees, 
permettent  I'elaboration  directe  d'aubages  de 
forme  finie  et  le  programme  de  calcul  a 1' etude 
devra  permettre  son  extension  d la  solidification 
industrielle  simultanee  de  grappes  d'aubes 
orientees,  Mais  des  progrds  doivent  etre  realises 
dans  1'  domaine  de  ceramiques  pour  la  confecticsi 
des  noyaux  de  bonne  cohesion  et  faciles  d 
eiiminer. 

Le  perqage  des  canaux  de  refroidissement 
transversaux  dans  les  aubes  en  Cotac  7U  peut  etre 
obtenu  par  usinage  eiectrochimique,  avec  des  elec- 
trolytes et  des  electrodes  relativement  simples, 
mais  adaptes  au  materiau  ; de  grandes  vitesses  de 
perqage  ont  ete  realisees  par  eiectroerosion.  Des 
i^sultats  encourageants  par  soudage-  diffusion  ou 
par  brasage-  diffusion  indiquent  la  possibilite  de 
realiser  par  cette  technique  des  aubes  creuses, 
precede  qui  pourrait  entrer  en  competition  avec 
la  technique  de  noyaux  cercuniques  trop  difficiles 
d eiiminer. 

Les  resultats  d' essais  travers  et  de  fluage 
en  eisailleinent  du  Cotac  7^  sont  rassuranta  et 
ne  paraissent  pas  devoir  entrainer  des  modifica- 
tions dans  la  conception  du  pied  de  la  pale.  Mais 
une  analyse  plus  fine  -par  example,  le  calcul 
tridimensionnel  complet  par  la  methode  des  ele- 
ments finis  de  I'etat  de  contrainte  de  1* attache 


de  I'aube-  dira  mieux  ai,  compte  tenu- des  con- 
traintes  eiastiques  du  Cotac  7^  la  forme  du  pied 
actuel  peut  etre  conservee. 

Dans  le  stade  actuel  du  dS veloppeiaent , le 
progrds  necessaire  d I'emploi  des  composites 
naturals  dans  les  turbomachines  ne  pourra  s' accom- 
plir que  par  une  collaboration  serree  entre  les 
chercheurs  des  materiaux,  les  thermiciens  et  les 
motoristes.  C'est  la  voie  oO  nous  nous  sommes 
engages  et  nous  ne  pouvons  que  f£liciter  les  orga- 
nisateurs  de  la  Conference  d' avoir  facilite  ici 
une  telle  confrontation. 
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DISCUSSION 


A.W.H.Monis,  UK 

How  complex  is  the  cooling  system  which  you  can  produce  in  your  Cotac  74? 

Author’s  Reply 

Although  the  directional  solidification  is  associated  to  the  general  foundry  family  techniques,  one  must  admit  that 
the  direct  manufacturing  of  cooled  Cotac  74  blades  does  not  offer  the  same  possibilities  as  those  of  cast  commercial 
alloy  blades  with  complex  cooling  passages.  It  would  not  be  advisable,  for  example,  to  introduce  in  the  molten 
metal  horizontally  disposed  ceramic  parts  which  could  hinder  the  growth  of  the  composite  with  aligned  fibers. 
Hence;  only  cores  for  hollow  blades  or  for  channels  parallel  to  the  fibers  should  be  envisaged.  To  achieve  this  end 
it  is  necessary  to  have  reliable  and  high  strength  cores  capable  of  resisting  any  reaction  with  the  liquid  metal  during 
many  hours  and  which  can  be  easily  eliminated  after  solidification.  No  satisfactory  solution  has  been  found  as  yet. 

However,  all  techniques  used  to  achieve  cooling  configurations  identical  to  those  currently  in  practice  in  wrought 
superalloy  blades  (drilling,  electrochemical  machining,  spark  discharge  and  electron  bombardment)  can  be  applied 
right  now  for  Cotac  74  blades.  These  various  possibilities  are  described  in  the  written  version  in  your  hands. 


A.W.H.Morris,  UK 

You  mentioned  stresses  generated  by  the  mismatch  of  matrix  and  fibre  coefficients  of  expansion,  clearly  this  is 
important  in  thermal  fatigue  but  in  a real  blade  one  has  additional  localised  stresses.  Have  you  done  any  thermal 
fatigue  tests  on  representative  cooled  specimens? 

Author’s  Reply 

The  existence  of  cooling  passages  in  the  turbine  blades  creates  high  transverse  thermal  gradients  which  may  cause 
structural  instabilities  (Soret  effect)  and  localised  thermal  stresses.  We  have  been  able  to  check  the  two  points: 

(i)  firstly,  laboratory  tests  showed  that  transverse  thermal  gradients  of  1 00  K/mm  have  no  adverse  effect  on  the 
structural  stability  of  Cotac  74  under  the  envisaged  utilization  conditions  i.e.  up  to  a maximum  temperature  of 
1370  K (Scripta  Met,  10,1976,  729;  TP  ONERA  1976-1 19  and  also  Reference  1 1 of  this  paper); 

(ii)  secondly,  simultaneous  static  bench  tests  up  to  1 150°C  currently  in  progress,  comprising  Cotac  74,  IN  100 
and  DS  200  cooled  blades  mounted  on  the  same  wheel  confirm  that  in  conditions  generating  localised  thermal 
stresses  on  real  Cotac  74  blades  the  composite  is  superior  to  the  two  other  commercial  materials. 


A.W.H.Morris,  UK 

You  say  that  in  thermal  fatigue  cracks  in  Cotac  74  stabilise  at  a short  length.  This  is  precisely  what  one  would 
expect  in  a composite  where  the  fibres  act  as  crack  stoppers  and  absorb  energy  along  the  fibre  matrix  interface. 
What  concerns  me  is  the  effect  the  presence  of  these  cracks  has  on  properties  such  as  shear,  creep,  tensile  strength. 
Have  you  submitted  thermally  cycled  specimens  to  tests  evaluating  such  properties? 

Author’s  Reply 

As  you  mentioned,  1 showed  that  the  thermal  fatigue  cracks  originating  at  the  trailing  edge  do  not  progress  over  a 
smalt  length  corresponding  to  a distance  where  they  come  across  the  first  fibre  or  the  longitudinal  grain  boundary; 
moreover,  1 also  showed  the  experimental  evidence  that  Cotac  74  is  relatively  insensitive  to  notches  (Fig.7).  Under 
these  conditions,  we  did  not  find  it  useful  to  build  intricate  set-ups  in  order  to  perform  tensile,  creep  or  shear  tests 
on  either  tapered  thermal  fatigue  specimens  or  on  previously  cracked  blades  since  this  kind  of  initial  damage  would 
probably  not  have  any  other  effect  except  a small  reduction  in  the  useful  cross-section  of  the  specimen. 


Dr  Siva,  UK 

Can  you  use  this  alloy  for  casting  cooled  blades,  if  so  do  you  get  homogeneous  properties  such  as  same  U.T.S. 
through  the  section  and  no  porosity? 

Author’s  Reply 

As  I explained  in  answering  the  first  question  of  Dr  Morris,  if  one  can  find  good  ceramic  cores  it  is  perfectly  con- 
ceivable to  cast  ccoled  Cotac  74  blades,  provided  the  shape  of  the  ceramic  does  not  hinder  the  alignment  of  the 
reinforcing  phase  during  the  directional  solidification.  In  these  conditions,  the  composite  blade  will  display  faultlessly 
homogeneous  structure  and  properties  throughout  the  section:  each  square  millimeter  will  comprise  the  same 
number  of  fibres,  say  60000  or  85  000  depending  upon  the  solidification  rate  (1.2  or  1.6  cm/hour)  and  the  U.T.S. 
will  be  similar  in  each  solid  element  of  the  blade,  for  example  1 500  MPa  (fifteen  hundred  megapascals)  at  room 
temperature.  On  the  other  hand,  our  experience  confined  to  sintered  alumina  ceramics  for  longitudinal  straight 
holes  did  not  show  any  porosity  in  Cotac  74  components  thus  obtained.  As  a matter  of  fact,  DS  components 
generally  display  more  sound  structures  and  lesser  porosity  as  compared  to  the  conventionally  cast  parts. 
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Dr  Siva,  UK 

Due  to  the  matrix  structure  do  you  get  anisotropic  effect  in  the  material? 

Author’s  Reply 

DS  composites  possesses  a twofold  anisotropy; 

(i)  the  reinforcement  is  constituted  by  unidirectionally  aligned  fibres  and 

(ii)  both  the  fibres  and  the  matrix  have  a unique  crystallographic  orientation. 

Your  question  relates  to  the  second  point  and  involves  the  matrix.  In  Cotac  74,  the  face  centred  cubic  matrix 
growth  axis  is  parallel  to  the  crystallographic  direction  <I00).  This  leads  to  elastic  moduli  values  which  are  at 
once  relatively  low  (advantage  in  thermal  fatigue)  and  unequal  (E/  < Ej^  and  also  the  Poisson’s  ratio  v/  < vj^). 
Apart  from  this  point,  the  anisotropy  of  a free  structure  is  in  fact  not  pronounced  enough  so  as  to  produce  a 
marked  effect  on  the  physical  and  mechanical  properties  of  the  material. 


Dr  Siva,  UK 

Compared  with  IN  100  alloy  Cotac  74  is  superior  in  fatigue  strength  but  do  you  get  the  same  order  improvement 
in  U.T.S.? 

Author’s  Reply 

For  materials  designed  to  operate  at  high  temperature  and  extended  service  life,  I think  that  the  U.T.S.  values  are 
not  very  informative.  In  fact,  you  seem  to  share  my  opinion  as  it  appears  from  your  question  that  a better 
behaviour  in  fatigue  or  in  creep  does  not  necessarily  mean  a higher  tensile  strength. 

When  you  compare  the  U.T.S.  of  Cotac  74  with  that  of  IN  100  one  notes  that  the  commercial  alloy  is  superior  by 
20%  at  I0O0°C;  around  SOO'C  the  U.T.S. ’s  of  the  two  materials  intersect;  going  further  down,  Cotac  74  progres- 
sively becomes  superior  and  at  room  temperature  it  shows  an  increase  in  tensile  strength  of  about  50%  over  IN  1 00. 


21-1 
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1C  X w vw 

U.  DUCATI  , G.  LECIS  COCCIA  , P.  CAVALLOTTI  . F.  BORILE 

X 

Istituto  di  Chimica  Fisica,  Politecnico  di  Milano 

XX 

CNPM,  Politecnico  di  Milano 
LTM,  Cinisello  Balsamo  (Milano) 

Summary 

A number  of  commercial  and  experimental  alloys  have  been  submitted  to  various  heat  treatments 
and  to  corrosion  tests  by  applying  thermobalance,  salt  dip  and  electrochemical  techniques.  An  hypothesis 
is  advanced  on  hot  corrosion  triggering  agents. 


1 . Introduction 

The  prediction  of  corrosion  behaviour  of  nickel  or  cobalt  superalloys,  exposed  to  combustion  gases 
in  service,  is  a very  difficult  task,  because  even  the  behaviour  of  known  materials  is  often  peculiar  of 
the  single  case. 

The  detrimental  effect  of  salt  contamination  due  to  combustion  ashes  is  currently  recognized.  In 
particular  sulphate,  chloride  and  vanadate  salts  are  usually  considered  to  be  responsible  for  catastro- 
phic corrosion. 

This  study  deals  with  the  effect  of  sulphates,  chlorides  and  their  mixtures  on  the  corrosion  behavio- 
ur of  some  commercial  Nj  base  superalloys.  For  comparison,  some  experimental  alloys  and  a Co  base 
superalloy  has  been  considered,  as  well  as  a few  typical  impregnation  coatings. 

A lot  of  papers  have  been  published  on  the  subject,  many  of  which  have  brought  valuable  contribu- 
tions to  enlight  special  features  related  to  the  problem. 

Two  main  trends  can  be  distinguished  in  the  literature: 
i)  the  chemical  approach  ( 1-4),  dealing  with  chemical  thermodynamic  and  kinetic  aspects,  in  which 
phase  equilibria,  solubility  and  diffusion  processes  play  the  main  role; 
ii)  the  electrochemistry  oriented  one  (5-6)  assuming  that  electrochemical  reactions  uniformly  occur  on 
the  surface. 

These  studies  are  of  fundamental  type  and  consequently  their  prediction  content  is,  generally  spea- 
king, low,  A technological  approach  is  often  considered  the  most  useful  one  (7).  In  this  approach, burners, 
contamined  oil  and  full  scale  turbine  components  are  involved  and  the  rig  test  is  supposed  to  give  the 
needed  informations.  Although  these  tests  are  valuable  to  verify  the  behaviour  of  the  materials  in  those 
particular  conditions,  they  do  not  appear  to  give  sufficiently  detailed  informations  on  process  mechanisms 
and  on  actual  corrosion  rates. 

The  literature  is  lacking  for  what  concerns  the  relative  role  of  chemical  and  electrochemical  react- 
ions in  the  corrosion  resistance  of  the  materials,  and  their  mutual  interactions. 

According  to  us,  this  point  should  be  considered  with  particular  care. 

Special  features,  like  as  incubation  time,  the  early  period  of  firing, during  which  the  corrosion  does 
not  appear  to  operate,  substantiate  the  important  role  of  the  above  mentioned  interactions. 

We  submitted  a number  of  materials  to  different  heat  treatments  and  corrosion  measurement  techniq- 
ues, in  order  to  characterize  the  triggering  agents  for  hot  corrosion. 


Z,  Experimental  methods 

The  chemical  composition  of  the  materials,  which  have  been  tested,  is  given  in  Table  1.  Most  of  these 
are  nickel  superalloys  which  exhibited  Cr  base  scale  formation,  except  for  IN- 100  which  forms  Al-base 
scale. 

The  behaviour  of  a single  cobalt  superalloy  has  been  studied  for  comparison,  CRG  2 and  CRK  4 are 
conventional  names  of  two  experimental  alloys,  specially  designed  to  give  rise  to  known  y'-phase  volume 
fractions  dispersed  in  a matrix  of  given  composition:  namely  CRG  2 contains  19%  and  CRK  4 4%  y'-pha- 
se  volume  fraction  (at  800°C). 

The  tests  have  been  performed  on  untreated  samples  and  on  samples  submitted  to  various  heat  treat- 
ments specifyed  for  solubilization,  aging  and  grain  growth,  as  it  is  hereafter  described. 


L. 
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To  check  the  behaviour  of  the  most  corrosion- 
- resistant  components  of  the  alloys,  pure  chro- 
mium metal,  as  well  as  aluminium  layers  have 
been  studied;  Cr-Al  diffusion  layers  have  been  al- 
so tested  for  purpose  of  comparison. 

Thermogravimetric  runs  have  been  performed 
at  900°C  in  still  air  by  a Cahn  100  thermobalance 
on  samples  contamined  by  small  amounts  of  the 
following  salts:  Na2S04,  NaCl,  and  Na2S04  + 10 w^ 

NaCl  mixture.  About  2 mg/cm^  salt  have  been  de- 
posited on  the  previously  polished  surface,  by  im- 
mersion in  a saturated  aqueous  solution  of  the 
salts  followed  by  drying  in  an  oven  at  200°C.  Of 
course,  this  procedure  did  not  produce  a complete- 
ly anhydrous  salt  layer,  but  it  is  our  opinion  that 
this  is  not  a drawback,  because  water  is  always 
contained  in  the  environment  to  which  the  material 
is  exposed  in  service. 

The  sample  weight  and  surface  area  ranged  re- 
spectively 3 ~ 6 g and  5 ~ 15  cm^.  The  specimens 
were  held  within  an  alumina  pan  suspended  by  a 
Pt-Rh  10%  wire. 

We  tested  also  the  corrosion  resistance  of  the 
same  materials  dipped  in  oxygen- saturated  Na2S04 + 

+ 10  w/o  NaCl  fused  salt  mixture. 

In  this  case  only  the  weight  variation  at  the  end  ‘ 
of  the  test  has  been  measured.  The  most  important  ^ 
information  drawn  from  this  test  concerned  the  pos-  12 
sible  modification  of  scale  composition  in  respect 
to  the  one  obtained  in  thermobalance  runs. 

Such  test  were  carried  out  by  melting  the  salt 
mixture  in  an  alumina  crucible  under  continuous 
oxygen  bubbling,  which  had  also  moderate  stirring 
effect,  and  simply  dipping  the  samples. 

Electrochemical  measurements  of  corrosion 
rates  have  also  been  adopted.  In  this  part  of  expe- 
rimental work,  fused  quartz  glass  or  alumina  cells 
have  been  used,  whose  schematical  diagram  is  sho- 
wn in  Fig,  la).  As  long  as  possible,  the  criteria 
were  followed  of  a)  carefully  defining  the  electrode 
working  area.b)  assuring  a uniform  current  density 
(c.d.)  distribution  on  the  electrode. 

The  electrode  was  cylindrically  shaped  and  the  lateral  surface  was  enrobbed  by  an  hot  rolled  BN  li- 
ning keyed  in  an  outer  alumina  tube,  so  that  only  the  lower  base  of  the  electrode  was  exposed  (see  Fig.  1 b). 

The  Pt/02  counterelectrode  was  placed  on  the  bottom  of  the  cell,  so  that  it  directly  faced  the  work- 
ing electrode. 

The  electrode  tension  was  measured  against  an  oxygen  reference  electrode  (R.E.),  which  currently 
consisted  of  a stabilized  zirconia  sintered  tube  containing  a mixture  of  Ni  and  NiO  with  a Ni  lead,  and 

sealed  at  the  top  with  epoxy  resins  (Fig.  1 c). 

Being  the  bath  saturated  in  respect  to 
oxygen,  the  R.E.  potential  could  be  consid- 
ered as  unaffected  by  slight  changes  in  bath 
composition  during  the  measurement  time. 

Electrical  feeding  and  measurements 
have  been  as  follows: 
i)  current  recording  at  steadily  increas- 
ing voltage; 

ii)  current  recording  at  given  constant 
applied  voltage; 

iii)  voltage  recording  at  steady  current, 
and  voltage  transients  recordings  at 
current  steps. 

The  working  electrode  has  been  acted 
always  as  an  anode,  at  c.d.  in  the  range 
0 — 200  mA/cm^,  against  a Pt/O^  cotmte- 
relectrode  at  920°C. 

Conventional  metallographic  procedu- 
res, X ray  diffraction  and  electron  micro- 
probe analysis  have  been  used  to  charac- 


Flg.  3 - X-r«y  dlfltacllon  p«ltem«  of  • Cr  «c»l*  forming  •ample. 
1:  after  abraaloe  : 2;  aa  oaldized. 


to  HOURS 


Fig.  2 - Weight  change  plots  for  heat  treated  materials. 

T = OOO-C  2 mg/cm*  NajSO^  + NaCl  10  w/„  . Still  air. 
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Fig.  1 • Cell  for  electrochemical  meaBurement.  a)  1.  Sintered 
Al20^  tubes;  2.  Pt  foil  and  wire;  3.  Sintered  zirconia  R,E.; 

4.  Working  electrode;  5,6e7.  Leads;  8.  PTFE  gasket,  b)  1. Sin- 
tered AI2O3  8®*l^***  3.  Working  electrode;  4.  Lead, 

c)  1.  Subilized  zirconia  sintered  tube;  2.  Ni  + NiO  powder  mix- 
ture; 3.  Electroless  Ni  flash;  4.  Lead;  5.  Epoxy  cast  sealing; 
6.  PTFE  plug. 
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terize  the  samples  corroded  by  each  of  the  above- 
mentioned  techniques. 

X-ray  diffraction  patterns  have  been  obtained 
from  the  surface  of  the  specimens,  or  after  delica- 
te abrasion  to  see  the  phase  composition  of  the  un- 
derlying scale  zones. 

In  order  to  assess  the  corrosion  resistance  of 
the  chosen  materials,  a number  of  tests  has  been 
made  on  contamined  samples  in  still  air  at  900°C, 

Weight  gain  plots  are  reported  in  Fig.  2 for 
heat  treated  materials.  The  plots,  here  and  in  the 
following,  have  not  been  corrected  for  salt  or  met- 
al oxide  evaporation,  which  can  give  important  ne- 
gative contributions  to  weight  gain,  in  particular 
when  A1  and  Ti  contents  are  low.  From  the  repor- 
ted results  a fairly  good  corrosion  resistance  is 
observed  for  several  materials. 

X-ray  diffraction  patterns  of  the  scale  show 
the  mean  structural  composition  of  the  outer  lay- 
er. 

When  the  corrosion  rate  and  the  scale  thickness 
is  low,  an  hexagonal  oxide  of  trivalent  metal  ions, 
corresponding  to  the  Cr203  X-ray  diffraction  pat- 
tern, is  mainly  observed.  In  some  cases,  rutile  in 
a small  quantity  is  simultaneously  observed.  The 
formation  of  Cr203  layers  is  promoted  by  a Cr  con- 
tent of  the  alloy  higher  than  20%;  this  oxide  is  fir- 
stly developped  on  Cr- scale  forming  alloys.  At  hi- 
gh corrosion  rate  and  scale  thickness,  one  or  two 
spinels  appear  as  companion  phases,  correspond- 
ing to  Cr-or  Al-base  spinel  respectively.  Aside 
these  phases,  a definite  fee  oxide  of  divalent  met- 
al ions  is  observed  too,  when  the  scale  thickness 
is  very  high;  its  diffraction  pattern  corresponds  to 
that  of  NiO  or  CoO. 
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Fig.  4 (left)  and  5 (right)  • Influence  of  contaminant  on  corrosion 
rate  of  CRG  2 alloy  samples.  Left:  heat  treated.  Right:  as  ea- 
truded.  T ~ 900''C.  2 mg/cm^  salt  contamination.  Still  air. 
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Fig.  6 - Weight  gain  and  macrographic  picture  (X  7 approx.)  of 
an  IN  100  alloy  sample.  T = 900**C.  2 mg/ cm^  Na2SO^  + NaCl 
10  w/  salt  ..ontamination  still  air. 


Fig.  7 - F.Iectron  and  X.ray  emission  images  of  a section  of  an  untreated  CRG  2 alloy  sample  corroded  at  900°C  In  still  air.  2 mg/cm^  Na2SO^  + 
+■  NaCl  10  salt  contamination. 


— c.sr  . , 


21-5 


Fig.  8 - X-ray  emission  images  of  a section  of  an  untreated  U 700  alloy  sample  in  conditions  as  above. 


Fig.  9 • Weight  change  curves  for  variously  heat  treated  hipped 
Astroloy  alloy  samples.  T = 900*C.  2 mg/cm^  Na2SO^  + NaCl 
10  w/^  salt  contamination.  Still  air.  1.  As  hipped:  2.  4 h heat 
treated  at  1I90**C  plus  16  h aged  at  790*C;  3:  50  h heat  treated 
at  1190^4-  plus  16  h aged  at  790^C. 


Fig.  10  • Weight  change  curves  for  equally  treated  U 700  alloy 
(I)  and  hipped  Aatroloy  alloy  (2)  sampies*  corroded  In  conditions 
as  above. 


By  gradually  abrading  the  surface  layer,  the  dif- 
fraction patterns  exhibited  by  the  samples  are  chan- 
ged as  it  is  shown  in  Fig.  3.  The  NiO  peaks  rapidly 
disappear,  the  Cr  spinel  peaks  decrease,  whilst  the 
A1  spinel  peaks,  if  any,  are  relatively  enhanced  as 
well  as  the  Cr^O^  ones. 

The  influence  of  the  nature  of  the  contaminant  on 
the  corrosion  rate  is  reported  in  Fig.  4. 

In  the  Fig.  5,  the  corresponding  diagrams  for 
materials  not  submitted  to  thermal  treatments  are 
reported,  and  the  rise  of  the  corrosion  rate  for  un- 
treated alloys  is  evidenced. 

In  Fig.  6 the  macrographic  appearence  of  an  un- 
treated IN  100  corroded  sample  is  shown,  as  well 
as  its  oxidation  curve. 

Fig.  7 and  8 shows  the  electron  and  X-ray  emis- 
sion images  for  samples  of  CRG  2 and  U 700  in  the 
untreated  conditions. 

To  throw  light  on  the  influence  of  the  grain  size 
on  the  corrosion  rate,  hot  isostatically  pressed  (hip- 
ped) samples  obtained  from  Astroloy  powders  (who- 
se composition  is  very  close  to  that  of  U 700  alloy) 
have  been  tested  after  different  times  of  heat  treat- 
ments at  1190^0,  followed  by  a standard  ageing  at 
790°C  for  I6h.  The  results  are  presented  in  Fig.  9. 
and  compared  to  the  weight  gain  of  an  as-hipped  spe- 
cimen. A comparison  between  U 700  and  Astroloy 
alloys  behaviour  after  identical  heat  treatment  is 
shown  in  Fig.  10. 

In  Fig.  11  the  microscopic  and  microanalytical 
images  are  shown  for  U 700,  and  in  Fig.  12  the  same 
features  related  to  50  h heat  treated  Astroloy  are 
presented. 

Dipping  the  samples  in  oxygen- saturated  Na^SQ^  4- 
4-  10%  NaCl  salt  mixtures,  at  920^C,  gives  rise  to 
formation  of  a scale  which  is  currently  thicker  than 


Fig.  11  - Electron  and  X-ray  emission  images  of  a section  of  U 500  alloy  sample  of  Fig.  10. 


that  obtained  in  thernnobalance  tests  of  salt  contamined  samples. 

X-ray  diffraction  patterns  show  scale  constitution  not  too  different  from  that  of  salt  contamined 
samples  corroded  in  still  air.  Nevertheless  the  presence  of  o-Al^O.  in  the  scale  of  IN  - 100  samples  and 
higher  Cr203  contents  in  the  scale  of  the  other  alloys  are  peculiar  features. 

In  Fig.  13,  the  X-ray  emission  images  of  a section  of  a thick  scale,  grown  on  an  as-extruded  CRG  2 
alloy  sample  are  shown. 

Electrochemical  corrosion  tests  displayed  behaviour  in  good  agreement  with  those  reported  above. 

The  results  of  potentiodynamic  experiments  on  differently  treated  U 500  alloy  samples  are  summari- 
zed in  Fig.  14.  Figs.  15  and  16  reported  the  corresponding  recordings  for  U 700  alloy  samples  and  the 
behaviour  of  Cr,  Al,  and  Cr-Al  respectively. 

Measurements  of  current  intensity  in  potentiostatic  mode  is  a very  simple  and  effective  tool  to  eva- 
luate the  corrosion  rate  in  a controlled  accelerated  way. 

Such  recording  are  shown  in  Fig.  17  for  untreated  U 500  alloy.  Upon  integration, the  plot  of  the  total 
circulated  charge  versus  time,  at  co  nstant  overvoltage, is  obtained:  that  is  the  electrochemical  counter- 
part of  weight  change  vs. time  plot. 

Fig.  18  and  19  show  the  microanalytical  images  of  the  section  of  CRG  2 and  CRK  4 samples  potentio- 
statically  corroded  at  920°C  in  Na2SO^  -f  NaCl  10%  mixtures  during  30  minutes. 

In  amperostatic  mode  operations  the  material  is  submitted  to  controlled  d.c.  currents  of  various  in- 
tensities and  the  total  electrode  overvoltage  is  measured  against  the  R.E. 

By  imposing  transitients  of  current  during  electrolysis,  the  overvoltage  components,  conventionally 


Fig.  12  • Eleriron  and  X-ray  emission  images  of  a section  of  the  hipped  Astroloy  alloy  sample  of  Fig.  3. 


Specified  as  follows: 

i)  ohmic  drops ; 

ii)  ion-exchange  overvoltage; 

iii)  concentration  polarization  (c.p.)  both  in  the  salt  bath  and  in  the  scale; 
can  be  split  on  the  base  of  the  related  relaxation  times  and  evaluated. 

Both  oscillographic  and  fast  pen  recording  have  been  obtained. 

In  Fig.  20a)the  voltage  vs.  time  characteristic  and  its  variation  with  electrolysis  time  is  reported 
for  a sample  of  U SOO  alloy,  and  the  corresponding  curves  are  shown  in  Fig.  20b)  for  aCrAlY  impregna- 
tion layer  obtained  by  slurry  techniques  on  IN  738  LC  samples.  The  variations  in  electric  characteri- 
stics are  evident:  when  the  electrolysis  is  switched  on, the  ohmic  component  is  high  and  the  c.p.  one  is 
rapidly  set  up. 

At  high  circulated  charges,  ohmic  drop  becomes  very  low,  whilst  high  c.p.  overvoltages  are  typi- 
cally affected  by  the  porous  scale. 


Discussion  of  the  results  and  conclusion 


The  analysis  of  the  weight  gain  plots  vs.  time  does  not  substantiate  any  simple  hypothesis  on  regu- 
lar time  dependence  of  the  scale  thickness,  with  the  possible  exception  of  the  low  rate  range  of  the  cur- 
ves to  which  uniform  corrosion  processes  can  be  associated  by  sample  inspection. 
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Fig.  13  • Electron  snd  X-ray  emission  images  fur  an  as-exiruded  CRG  2 alloy  sample  corroded  by  the  salt  dip  test.  Oxygen  saturated  Na2$0^ 
+ NaCl  10  w/  molten  salt  mixture.  T = 920®C.  16  h. 


Fig.  14  (upper)  and  IS  (lower)  • Potentiodynamic  corves  for  U SOO 
•Iloy  (upper)  and  U 700  alloy  (lower)  samples.  1.  Untreated;  2.  8 h 
heat  treated  at  IlSO^C  and  16  h aged  at  7S0^C.  Nsj^g  * NaCl 
10  w/  molten  salt  mixture.  T ~ 920*C. 


Sudden  slope  variations  and  quasi-plateau  featu- 
res of  the  diagrams  need  more  complex  hypothesis 
to  be  advanced  for  mechanism  interpretation. 

When  catastrophic  corrosion  is  observed,  we 
suggest  that  two  main  mechanisms  contribute  to  the 
total  observed  weight  change: 

i)  an  uniform  (chemical)  attack,  due  to  the  reaction 
between  the  metal  and  environmental  oxygen,  pos- 
sibly promoted  by  the  salt  layer,  which  causes  an 
even  and  dense  scale  to  grow; 
ii)  a localized  (electrochemical)  attack  at  preferred 
sites,  with  sulphur  injection  in  the  matrix  (catho- 
dic areas)  and  formation  of  an  oxide  scale  which 
is  prous  because  of  the  extremely  high  rate  of 
growth  (anodic  areas). 

Cracks,  porosities  and  other  inhomogeneities  in 
the  scale  or  in  the  metal  may  be  consideredto  be  re- 
sponsible for  this  type  of  corrosion. 

Inspection  of  the  thermogravimetric  results,  in- 
deed, shows  that  the  differences  in  behaviour  exhi- 
bited by  the  same  base  material  submitted  to  various 
heat  treatments  are  greater  than  those  among  diffe- 
rent materials  submitted  to  equal  heat  treatments* 
the  worst  behaviour  being  observed  for  untreated, 
as-cast  samples. 

This  result  stresses  the  role  of  inhomogeneities, 
both  structural  and  of  chemical  composition.  Macro- 
scopic variations  of  local  chemical  composition  have 
a greater  effect  on  the  corrosion  rate  than  the  micro- 
scopic ones,  as  one  can  deduce  from  the  minor  but 
revealing  difference  in  corrosion  rate  between  CRK4 
and  CRG  Z (the  letter  exhibiting  a higher  volume  frac- 
tion of  f^'-phase  precipitates).  In  absence  of  thermal 
treatments,  the  macroinhomogeneities,  such  as  une- 
ven Cr  distribution,  give  a dramatically  enhanced 
corrosion  rate  of  the  material,  in  respect  to  the  one 
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due  to  K'^phase  precipitation,  as  it  is  clearly  sho- 
wn by  comparison  of  Figs.  2,  4,  5 and  9. 

The  same  general  behaviour  is  displayed  regar- 
dless the  nature  of  contaminants,  although  pure  chlo- 
ride salts  appears  to  be  the  most  aggressive  ones. 

The  study  of  hipped  Astroloy  samples  has  been 
carried  out  in  order  to  check  the  role  of  inhomoge- 
neities such  as  chemical  composition  variations  in- 
side the  grain  and  grain  boundaries  on  corrosion 
rate . 

Fig.  9 can  be  interpreted  as  follows: 

i)  the  steepest  curve,  related  to  as-hipped  sam- 
ples, displays  the  corrosion  rate  of  a highly 
inhomogeneous  material,  affected  by  uneven 
chemical  composition,  small  grain  size,  and, 
possibly,  cold  work; 

ii)  in  the  intermediate  curve,  some  of  these  dis- 
turbances have  been  removed  by  the  heat  tre- 
atments, probably  cold  work  and  chemical  co- 
mposition gradients  inside  the  grain,  whose  si- 
ze too  has  been  possibly  extenden  by  the  heat 
treatment; 

iii)  the  very  low  curve  shows  the  beneficial  effect 
of  the  grain  growth  obtained  by  a 50  hours  he- 
at treatment  at  1180®C,  as  well  as  the  effect 
uniform  v'-phase  precipitation,  subsequent  to 
ageing  at  790^C  for  30  hours.  In  this  curve,  the 
incubation  period,  usually  not  exceeding  20' “30', 
is  lasting  some  20  hours. 

The  simultaneous  examination  of  X-ray  diffra- 
ction patterns  and  electron  and  X-ray  emission  im- 
ages shown  in  Fig.  12  enlights  the  phase  constitu- 
tion of  the  scale  grown  on  samples  of  this  alloy. 

The  exagonal  oxide  of  trivalent  metal  ions,  which 
is  observed  at  the  early  stages  of  growth,  is  comp- 


Fig.  16  - Potenciodynamic  curves  for  Cr  metal  (I)  electroplated 
A1  layer  on  U 500  alloy  not  submitted  to  diffusion  (2):  CrAl  im*- 
pregnation  coating  (3).  Conditions  as  above. 


Fig.  17  ■ Potentiostatic  curve  for  untreated  I’  500  alloy  sample 
Na2SO^  + NaCl  10  w/^  molten  salt  mixture.  T - 920®C. 
dV  = 100  mV. 


Fig.  18  > Fleriron  and  X-ray  emission  images  of  a section  of  a CRC  2 alloy  sample  submitted  to  potentiostatic  corrosion.  Conditions  as  above. 
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Fig.  19  - Electron  and  X-ray  emisaion  images  of  a section  of  a CRK  4 alloy  sample.  Conditions  same  as  above. 


act  and  adherent  to  the  metal  base,  which  comes  out  Cr>depleted  in  the  outer  layer.  The  spinel  phases 
are  usuall  * formed  subsequently  and  they  are  richer  in  A1  the  closest  they  are  to  the  base. 

These  phases  are  less  coherent  than  the  '"^e,  and  even  softer  is  the  NiO  phase,  which  is  the 

last  one  wnich  appears.  The  lack  of  coherence  is  related  to  the  reconstructive  nature  of  the  transforma- 
tion from  the  hexagonal  oxide  to  the  fee  one. 

Electrochemical  methods  do  confirm  these  results  and  moreover  by  means  of  high  speed  tests.  No 
discrepancy  is  evident  in  respect  to  the  informations  drawn  from  long  term  tests  such  as  thermogravime- 
try or  from  fast,  electrochemical  methods;  and  the  information  content  of  the  latters  is  higher. 

This  conclusion  is  supported  by  the  microanalytical  images  and  X-ray  diffraction  patterns  of  the  sca- 
le, and  it  is,  in  our  opinion,  related  to  the  abovementioned  hypotheses  on  hot  corrosion  mechanism  of 
Ni  base  superalloys. 

The  presence  of  localized  corrosion  processes  responsible  for  Sulfur  penetration  is  clearly  stated 
by  Figs.  13  and  19. 

In  the  first  one,  the  border  line  between  Cr-base  and  A1  base  scale  is  copied,  inside  the  matrix,  by 
the  S-rich  precipitates;  the  scale  appears  to  grow  inward  the  metal  at  Al-rich  sites  outward  at  Cr-ones. 

Fig.  19  shows  a sharp  splitting  of  the  matrix  in  a cathodic  area,  dotted  by  sulfides,  and  in  an  anodic 
sulfur  free,  one.  A crack  in  the  scale  is  probably  responsible  for  such  an  effect,  giving  rise  to  a gra- 
dient of  oxygen  potential  at  the  metal- scale  interface  in  respect  to  the  zones  coated  by  uncraked  scale, 


Fig.  20  - Voltage  traniiients  at  current  steps.  I = S mA/cm^.  T = 920*C.  Na2SO^  4-  NaCl  10  w/^  molten  salt  mlsture.  a)  untreated  U 500  alloy 
sample;  b)  CrAlY  impregnation  coated  IN  738  LC  alloy. 
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that  is  to  a galvanic  concentration  cell.  The  related 
emf.s  and  the  consequent  current  circulation  in  the 
metal  beneath  the  scale  account  also  for  the  obser- 
ved absence  of  sulphur  spreading  inside  the  matrix. 

Should  the  matrix  be  in  equipotential  conditions, 
the  probability  of  finding  a single  sulphur  precipita- 
te inside  the  metal  would  be  uniform  in  an  hemisp- 
here of  radius  r related  to  sulphur  (or  sulphide)  dif- 
fusion coefficient  and  to  the  time  elapsed  after  SO^' 

(x  = 3,  4)  reduction.  If,  on  the  contrary,  charge  cir- 
culation paths  are  supposed  like  as  those  schemati- 
cally drawn  in  Fig.  21,  the  most  likely  trail  of  sulphi- 
Pig.  21  - Schematic  diagram  of  electroo  traila  Inside  the  meul  de  precipitates,  which  require  Very  high  electron  ac- 

belng  corroded  in  the  caae  of  large  anodic  areas  and  restricted  tivity  for  their  Stability,  Is  the  dotted  One. 

cathodic  ones.  jhe  model  is  clearly  oversimplified,  neverthel- 

ess it  is,  in  our  opinion,  revealing. 

In  Fig.  14,  for  instance,  the  cross  section  of  the  sulphide  rich  zone  is  decreasing  with  the  depth  of  pe- 
netration, indicating  a costraint  to  the  sulphide  diffusion  direction. 

A very  suggestive  support  to  the  intervention  of  electrochemical  steps  in  hot  corrosion  is,  moreover 
supplied  by  Fig.  6,  in  which  the  upper,  uncorroded  zones,  are  surrounded  by  heavily  corroded  ones. 

Should  the  process  be  chemical  in  nature,  that  is  solely  related  to  the  short  range  environment  of  the 
metal  atoms,  such  a result  would  never  occur,  in  as  much  as  in  studies  on  hot  corrosion  no  alloy  compo- 
sitions show  complete  resistance  to  oxidation.  Thus,  long  range,  that  is  electrochemical  effects, must  be 
accounted  for  in  this  case,  and  in  the  abovementioned  ones.  In  the  early  stages  of  corrosion  via  contami- 
nants, or  by  fused  salts  dip,  the  cathodic  reaction  product  may  be  hydrogen  coming  from  residual  water 
or  from  OH  ions.  This  is  why  the  upper  zones  of  the  metal  surface  shown  in  Fig.  6 appear  to  be  bright. 

Then,  due  to  changes  in  local  composition,  the  cathodic  zones  may  migrate,  so  that  the  whole  metal 
surface  eventually  appears  to  be  covered  by  oxidation  products. 

Only  at  this  stage  the  electrochemical  process  is  in  such  conditions  as  to  give  sulfur  and  sulphides  as 
cathodic  reaction  products.  That  is,  when  the  scale  at  the  cathodic  sites  is  sufficiently  thick  to  effective- 
ly screen  the  metal  in  respect  to  diffusion  of  highly  oxidizing  species  from  the  atmosphere,  SO^  (x  = 3,  4) 
is  thus  reduced  at  cathodic  sites. 

The  oxidation  rate  is  completely  changed  by  this  effect.  The  process  is,  on  the  one  hand,  stopped  by 
the  filling  of  the  active  cracks  and  pores  by  reaction  products.  On  the  other  hand, it  is  promoted  by  the 
formation  of  new  cracks, produced  by  shear  stresses  induced  in  the  scale  by  the  uneven  growth.  The  lat- 
ter effect  eventually  exceeds  the  former,  so  that  the  weight  gain  curve  assumes  the  characteristic  step- 
wise feature.  The  main  difference  between  salt  contamination  plus  air  oxidation  tests  and  the  electroche- 
riilcal  ones  seems  to  be  in  the  higher  rate  of  the  process  of  uniform  scale  growth  that  is  found  in  the  lat- 
ter. Sulphur  deposition  is  any  way  due  to  local  corrosion  cells. 

The  same  is,  moreover,  true  if  burner  test  and  salt  contamination  thermobalance  runs  are  compared, 
in  our  opinion.  When  the  metal  is  thoroughly  heat  treated,  two  types  of  inhomogeneities  are  still  found: 
grain  boundaries  and  y'-phase  precipitates.  The  effect  of  the  former  ones  is  clearly  displayed  by  Fig.  11. 
where  sulphur  precipitation  at  the  grain  boundaries  is  evident.  The  effect  of  the  latter  is  shown  by  Fig.  2, 
in  which  the  weight  gain  of  a metal  containing  about  20%  precipitate  (CRG  2)  is  corroded  at  higher  rate 
than  one  containing  4%  precipitate  (CRK  4). 

Among  the  electrochemical  results,  the  most  interesting  one,  in  view  of  its  information  and  predic- 
tion content,  appears  to  be  that  given  by  intensiostatic  techniques. 

Fig.  20  clearly  cut  the  scenario  of  dissipative  contributions  at  the  electrode  and  enables  to  schematize 
the  requirements  for  an  high  corrosion  resistance,  as  follows: 

i)  high  ohmic  drops  (that  is  compact  scale)  through  out  the  electrolysis  duration; 

ii)  rapidly  releasing  c.p.  components  (that  is  impervious  scale); 

iii)  absence,  or  at  least  tardy  and  scarcely  prominent  maxima  in  polarization  curves  (that  is  straigt-^ 
forward  oxidation  mechanism,  absence  of  complex  processes). 

The  same  informations  are  contained,  in  a less  explicit  forme,  in  all  electrochemical  experimental 
results,  and  a one  can  draw  up  a self-consistent  picture  of  the  process  with  the  aid  of  other  corrosion 
measurement  techniques,  and  moreover  of  microanalitical.  X-ray  diffraction  and  morphological  results. 

In  conclusion,  we  confirmed  the  observation  of  Billingham  et  al.  (1973)  on  the  influence  of  thermal 
treatment  on  corrosion  behaviour  of  superalloys.  The  hypothesis  of  intervention  of  electrochemical  steps 
in  hot  corrosion  has  been  advanced  and  justified. 
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DISCUSSION 


A.Mihail,  France 

Existe-t-il  du  Vanadium  dans  les  alliages  presents  et  si  oui  quelle  esi  I’influence  des  sels  qui  en  resulte? 

Author's  Reply 

Only  one  alloy  contains  Vanadium:  IN  100.  We  have  not  made  extended  experimentation  on  this  alloy,  we  have 
only  studied  it  for  comparison. 

We  think  that  vanadate  presence  poses  a very  difficult  and  interesting  problem;  and  we  intend  to  study  it  in  the  near 
future. 


I 

i 
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PROTECTION  D'AUBES  REFROIDIES  A STRUCTURE  INTERNE  COMPLEXE 

par  Philippe  GALMICHE 

Office  National  ifEtudas  at  da  Racharchas  Airospatialas  iONERA) 

92320  ChitiUon  ■ Franca 


Risumi 

Le  probl^me  d'actualit^  relatif  d la  protection  g6r>^ale  ou  localis^e  d'aubes  refroidies  pr^sentant  urte  structure 
interne  connplexe  a pu  etre  r^solu  d'une  fa^n  k la  fois  simple  et  liable. 

La  m^thode  corresporulante  d^velopp^e  rteemment  k I'ONERA.  technique  SF,  permet  d'assurer,  te  plus  sou- 
vent  au  cours  d'une  seute  operation,  aussi  bien  la  protection  des  surfaces  externes  des  pitees  que  la  protection  de 
leurs  surfaces  interrtes  ou  des  surfaces  d'orifices  d'6jection  (fair  de  refroidissement  ^ventuels,  quelle  que  puisse  Atre 
la  finesse  de  diametre  de  ces  derniers. 

La  m^thode  SF  est  appliqu^e  le  plus  souvent  dans  le  cas  de  traitements  de  protection  en  c pack  • ; son  utili- 
sation peut  6tre  envisagde.  d'une  part  dans  le  cas  de  pi^es  initialement  vierges,  d'autre  part  dans  le  cas  de  piices 
pr^alablement  revetues  par  voie  thermochimique,  chimique  ou  P.V.D. 

D'une  fagon  g6r>4rale,  I'^paisseur  des  gair.ages  externes  et  I'^aisseur  des  gainages  internes  peuvent  Atre  6tablis 
initialement  avec  precision,  aucune  particule  parasite  ne  pouvant  se  trouver  inclue  k I’int^rieur  des  pieces  prot4g^. 
apr^  application  des  traitements  SF. 

Les  risultats  obtenus  jusqu'd  pr^nt  par  application  de  la  m^thode  ONERA-SF  sont  illustr^  par  la  pr^n- 
tation  et  I'examen  de  pi^es  tr^  diverses  de  turbo-machines  avanc^es.  qui  ont  M remises  pour  traitements  suivis 
de  mise  en  essais  ou  en  service  par  difNrents  motoristes  et  par  des  Compagnies  Adriennes. 


PROTECTION  OF  COOLED  BLADES  OF  COMPLEX  INTERNAL  STRUCTURE 


Summary 

r/w  problam  of  tha  ganaral  protaction  of  coolad  b/adas  of  complax  intama!  structura  has  baan  solvad  in 
a simple  and  reliable  manner. 

Tha  corresponding  method  recently  developed  at  ONERA,  called  SF  technique,  permits  tha  realization  in  a 
single  operation  of  tha  protection  of  both  external  and  internal  surfaces,  as  well  as  those  of  the  orifices  of  cooling 
air,  wha^ver  their  diameter.  The  SF  method  is  most  offen  applied  in  the  case  of  pack  process,  at  controlled  or 
Ngh  activity  ; its  use  can  be  envisaged  for  previously  urKoated  parts,  but  also  for  pieces  already  coated  by  a ther- 
mochemical, chemical  or  PVD  medtod.  In  a general  way.  the  respective  thickness  of  external  and  internal  coatings 
may  be  precisely  predetermirted.  no  parasitic  particle  being  liable  to  remain  inside  the  parts  after  af^Ucation  of 
the  protecting  treatment. 

Results  obtained  to  date  by  application  of  the  ONERA-SF  method  are  illustrated  in  the  paper  by  die  pre- 
sentation and  examination  of  quite  various  parts  of  advanced  turbomachines,  which  were  handed  over  for  treatment, 
followed  by  tests  or  operatiortal  use,  by  erygine  manufactures  or  airlines. 


INTRODUCTION 

L'accroissement  incessant  du  rendement  ou 
de  la  poussde  des  turbo'machines , au  cours  de  ces 
derni&res  anndes  a dtd  et  reste  lid  k un  reldve- 
ment  permanent  des  temperatures  d'entrde  devant 
turbine.  Les  facteurs  essentials  qui  ont  conduit 
h obtenir  de  telles  ameliorations  sont,  d'une  part 
la  mise  en  oeuvre  de  superalliages  rdfractaires 
prdsentant  des  caractdristiques  de  tenue  mdcanique 
e chaud  particulidrement  dlevdes,  d'autre  part  le 
ddveloppement  de  nouvelles  configurations  de  pidces 
refroidies  qui  permettent  ddsormais  d'envisager 
des  temperatures  d'entrde  de  turbine  sensib lament 
supdrieures  aux  points  de  fusion  des  matdriaux 
constituent  les  dtages  les  plus  avancds  de  la 
turbine  chaude  des  moteurs. 

D'une  fa^on  trds  gdndrale,  1' amelioration  de 
la  qualitd  de  tenue  mdcanique  d chaud  des  super* 
alliages  rdfractaires,  directement  lide  d des 
modifications  de  Leur  composition  chimique,  alnsi 
que  la  definition  de  nouveaux  systdmes  perfection* 
nds  de  refroidissement  ont  eu  tendance,  en  contre* 


partie,  d se  traduire  par  une  aggravation  consi* 
ddrable  des  probldmes  de  degradation  des  pidces 
sous  1' influence  des  phdncXDdnes  de  corrosion  en 
service  d haute  temperature  plus  particulidrement 
oxydatioh  et  sulfuration  sous  cyclage  thermlque 
(1  d 4). 

Les  raisons  principales  de  1 'aggravation 
actuelle  des  probldmes  de  corrosion  d haute 
temperature  sont  les  suivantes  : 

a)  reduction  ndcessaire  de  la  teneur  en  chrome 
des  materiaux  dans  le  cas  des  superalliages 
rdfractaires  d base  de  nickel  dvoluds,  qui 
constituent  presque  exclusivement  les  aubes 
mobiles,  permettant  I'accroissement  de  la  phase 
durcissante  gamma  prime. 

b)  Reduction  de  I'dpaisseur  des  parols  des  pidces 
refroidies  et  accroissement  de  la  ccmplexltd  de 
gdorndtrie  intdrieure  correspondent  aux  configu* 
rations  internes  les  plus  efficaces. 
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c)  Apparition  de  phdncMn^nea  de  corrosion  et  de 
fissuration  internes,  parfois  linprdvisibles , 
particuli^rement  marquds  dans  le.  cas  d'aubes 
refroidies  constitutes  par  les  superalliages 
rtfractaires  les  plus  tvoluts. 

La  recherche  et  la  mise  au  point  de  revSte- 
ments  protecteurs  permettant  de  rtduire,  sinon 
d'tviter  complttement,  les  effets  de  degradation 
par  corrosion  des  pieces  chaudes  de  turbo-machines 
ont  ttt  I'objet,  depuis  pne  vingtaine  d'anntes, 
de  nombreux  travaux.  Des  mtthodes  efficaces  ont 
pu  etre  dtvelopptes,  initialement  pour  la  protection 
de  pieces  classiques  ; elles  ont  ttt  amtliortes 
sans  cesse,  puis  paralieiement  ttudites  ou  modi- 
fites  en  vue  de  leur  application  pour  la  protection 
de  pieces  refroidies. 

L'objet  essentiel  de  1 'expost  est  la 
presentation  des  bases  gtntrales  et  des  rtsultats 
de  la  nouvelle  mtthode  ONERA  SF,  dont  I'ttude  a 
ttt  entreprise  dans  le  but  d 'assurer  une  protec- 
tion tres  efficace  de  pieces  refroidies  centre 
la  corrosion  et  centre  la  fissuration  interne, 
quelle  que  puisse  en  ttre  la  complexitt  de  gtomt- 
trle  inttrieure.  Cette  mtthode,  qui  prtsente  un 
caractere  d 'adaptation  trts  gtntral  et  dont 
1 'application  ne  necessite  1 'utilisation  d'aucun 
appareillage  sptcial  a pu  ttre  ttudite,  mise  au 
point  et  transposte  sur  pieces  rtelles  de  turbo- 
machines, dans  les  meilleures  conditions  et  dans 
un  dtlai  relativemenr  bref,  en  raison  mtme  de 
I’inttrtt  qu'elle  a suscitt  des  son  apparition  ; 
de  nombreux  motoristes  fran^ais  ou  ttrangers 
ainsi  que  d' importances  Compagnies  Atriennes  ont 
en  effet  mis  k la  disposition  du  laboratoire,  pour 
essals  ou  traitements,  des  pieces  refroidies  tres 
diverses  de  turbo-rtacteurs  avancts  ainsi  que 
de  turbines  k gaz  de  puissance,  sur  lesquelles 
1 'experimentation  a ttt  mente  et  sur  lesquelles 
des  rtsultats  favorables  ont  ttt  obtenus. 

1 - BASES  GENERALES  DES  METHODES  ACTUELLES  DE 
PROTECTION  DES  SUPERALLIAGES  REFRACTAIRES . 

Les  proctdts  actuels  de  protection  des  pieces 
chaudes  de  turbo-machines  font  appel  le  plus 
souvent  k deux  types  de  mtthodes,  mtthodes  par 
vole  thermo-chimique  et  mtthodes  par  P.V.D. , 
dont  les  principes  fondamentaux  et  surtout  les 
conditions  d 'application  sont  trts  difftrents. 
L'ensemblo  des  mtthodes  correspond  cependant 
de  fa^on  gtiitrale  k la  formation  de  revStements 
riches  en  aluoilnium,  qui  assurent  une  protection 
efficace  des  piuces  traittes  contre  la  corrosion 
k chaud  en  raison  de  la  formation  d'un  film 
superficiel  trts  mince  mais  continu  et  auto- 
rtgtntrable  d'oxydes  rtfractaires  trts  stables. 

Les  mtthodes  de  protection  par  vole  thermo- 
chimique,  le  plus  souvent  mtthodes  "d  la  poudre", 
sont  essentiellement  bastes  sur  I'apport  en  milieu 
halogtnt  et  la  diffusion  d'un  ou  de  plusieurs 
tltments  mtCalliques  j elles  peuvent  Stre  appli- 
qutes,  soit  en  une  seule  optratlon  effectute  k 
haute  temptrature,  1 000  k 1 100 mtthoda  A 
activitt  contrOlte,  soit  en  deux  optrations 
success  Ives  indtpendantes  ; apport  k la  temptra- 
ture modtrte,  750**  k 900*'C,  suivi  de  rediffusion 
hors  pack  k la  temptrature  plus  tlevte,  mtthodes 
k haute  activitt.  La  protection  par  vole  thermo  ■ 
chifflique  peut  faire  tgalement  appel  k une  diffu- 
sion successive,  correspondent  k des  optrations 
difftrentes,  de  plusieurs  tltments  protecteurs, 
par  exemple  diffusion  initiale  de  chrome  et 
de  tantale  apportts  en  quantitts  contrOltes, 
suivi  de  diffusion  d 'aluminium  selon  mtthode  k 
activitt  contrdlte  ou  k haute  activitt  ;elle  peut 
d'un  autre  cOtt  ttre  appliqute  sur  des  pitces 
initialement  revfitues  par  vole  tlectrolytlque 
de  dtpOts  minces  de  mttaux  nobles  tels  que  le 
platine  ou  le  rhodium. 


La  rtalisation  d'alliages  de  diffusion 
complexes  a de  toutes  fagons  pour  but  I'obtention 
finale  de  revttements  protecteurs  prtsentant  une 
rtsistance  k la  corrosion  amtliorte,  tventuelle- 
ment  une  meilleure  ductilitt,  comparativement  k 
la  tenue  de  gainages  obtenus  par  seule  alumini- 
sation. 

Les  mtthodes  de  protection  par  P.V.D.  ou 
"overlay"  correspondent  au  dtp5t  par  voie  physi- 
que : pulvtrisation  cathodique,  ion-plating, 
plasma  ....  d'alliages  complexes  sptciaux,  conte- 
nant  en  gtntral  un  tltment  k caracttre  dispersotde 
tel  que  1 'yttrium,  dont  la  composition  est  prati- 
quement  indtpendante  de  la  nature  du  substrat 
qui  est  revttu  ; les  revttements  rtalists  par 
P.V.D. , dont  la  dtnomination  gtntrique  est 
H-CrAlY,  correspondent  essentiellement  k la 
combinaison  en  diverses  proportions  des  tltments 
aluminium,  chrome  et  yttrium  avec  un  ou  plusieurs 
mttaux  de  base,  le  plus  souvent  nickel  et  cobalt. 

Les  mtthodes  de  protection  par  voie  thermo- 
chimique  sont  actuellement  les  plus  utilistes 
(5,  6)  ; la  plupart  de  ces  mtthodes  prtsentent 
en  effet  I'inttrSt  d'avoir  un  prix  de  revient 
relativement  peu  tlevt,  de  permettre  I'obtention 
de  gainages  protecteurs  d'tpaisseur  rtgulitre  et 
prtdtterminable  avec  une  grande  fiabilitt,  tout 
en  n'inf luengant  que  faiblement  les  caracttris- 
tiques  de  tenue  mtcanique  k chaud  des  mattriaux 
traitts.  11  en  est  ainsi  de  fagon  gtntrale  dans 
le  cas  des  mtthodes  de  protection  par  voie  thermo- 
chimique  dtvelopptes  k I'CWERA  (7),  mtthodes  dont 
les  principes  et  les  caracttristiques  d'ensemble 
sont  schtmatistes  dans  le  tableau  1.  Un  ensemble 
technique  pour  leur  application  est  prtsentt 
figure  1. 

lies  techniques  de  protection  par  chromalu- 
minlsation,  tancralisation  et  sylcralisation , 
dont  I'une  des  caracttristiques  communes  est, 
outre  la  mise  en  oeuvre  de  masses  d 'apport  "Inu- 
sables",  1 'ttablisaement  in  situ  d'une  barritre 
de  rediffuslon  en  service,  sont  actuellement  blen 
connues.  La  mtthode  DE  77,  beaucoup  plus  rtcente 
et  n'ayant  pas  donnt  lieu  jusqu'A  prtsent  k 
publication,  correspond  essentiellement 
k I'ttablissement  initial,  sur  des  pitces 
devant  ttre  prottgtes  flnalement  de  fagon  classi- 
que  ^ar  chromaluminisation  k activitt  contrdlte, 
aluminisation  A haute  activitt  ...),  d'un  prtgai- 
nage  ductile  de  composition  moyenne  nickel- 
chrome  82/18  A 80/20,  plus  additions  (en  partl- 
culier  traces  d'tltments  lourds).  Le  prtgainage 
dont  I'tpaisseur  trAs  rtgulitre  est  le  plus 
souvent  comprise  entre  10  et  25  microns, est  ob^enu 
par  dtpOt  chimique  de  nickel-bore  en  solution 
aqueuse,  suivi  d'une  optration  de  dtboruration- 
prtdif fusion  effectute  vers  850^ de  fagon  simple 
en  atmosphAre  halogtnte,  puis  d'un  traitement  de 
transformation  en  alliage  au  chrome  par  voie 
thermo-chimique  (chromisation  modtrte,  dopte  aux 
lanthanides) . 

La  technique  de  protection  DE  77  prtsente  un 
caractAre  d'application  trAs  gtntral  ; elle  convient 
aux  superalliages  rtfractaires,  eutectiques  orien- 
tts,  alliages  A phase  disperste,  ....  Elle  permet 
d'obtenir  finalement  des  gainages  ductibles,  d'tpais- 
seur prtdtterminable  et  trAs  rtguliAre,  stable 
en  utilisation  et  prtsentant  une  rtsistance  parti- 
culiArement  tlevte  A I'oxydation  et  A la  sulfuration 
A haute  temptrature  sous  cyclage  thermique.  Aucune 
des  optrations  correspondent  A I'application  de  la 
mtthode  DE  77  n'ttant  appliqute  A temptrature 
suptrieure  A 1 050^0,  sauf  cas  particuliers, 

1 'influence  du  traitement  sur  les  caracttristiques 
de  tenue  en  fluage  des  piAces  peut  Atre  considtrte 
comne  le  plus  souvent  ntgligeable. 


Tableau  1 : Caracttristlquea  g£n<rales  des  techni- 
ques thermo-chlmiques  ONERA  de  protection  des 
supcralliages  rdfractaires. 
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TECHNIQUE 

FRINCIFES  GENERAUX 

MATERIAUX 

FROTEGEABLES 

COMFATIBILITE 
AVEC  METHODE  SF 

RESULTATS 

D 'ENSEMBLE 

CHROMALUMINISATION 
(activitd  contrfilde) 

DIFFUSION  EN  UNE  ETAFE 

D 'ALUMINIUM  ET  DE 

CHROME 

SUPERALLIAGES  A 
base  de  nickel  ou 
de  cobalt. 

SANS  FROBLEME 

Trds  bonne  tenue  A 
I'oxydation  et  A la 
sulfuration. 

ALUMINISATION  HA 
(haute  activity) 

AFFORT  D 'ALUMINIUM  EN 
FRESENCE  DE  CHROME 
+ REDIFFUSION  HORS 

FACK. 

SUPERALLIAGES  A 
base  de  nickel 

POSSIBLE,  mals  non 
gdndrale 

Bonne  rdslstance  A 
I'oxydation 

SYLCRALISATION  ET 
TANCRALISATION 

TRAITEMENTS  "DUPLEX" 

a) chr(Nnl8ation  ou 
tantalichromlsatlon 
mod^r^ea,  en  presence 
de  lanthanides  (5  k 

30  microns)  ^ 

b) Chrofaalujnlnisatlon 
ou  alumlnisatlon ° 

SUPERALLIAGES  A 
base  de  nickel 

SANS  PROBLEMS,  si 
opdratlon  terml- 
nale  "A  activitd 
contrOlde" 

TrAs  bonne  tenue  A 
I'oxydation  ; rdsls- 
tance  accrue  A la 
sulfuration. 

DE  77 

TRAITEMENT  "TRIPLEX" 
DdpOt  chlmlque  de 
nlckel'bore,  ddborurd 
par  vole  thenno- 
chlmlque  (5  A 30 
microns  en  g^ndral), 
puls  Sylcrallsatlon 
ou  Tancrallsatlon 

SUPERALLIAGES  A 
base  de  nickel 
ou  de  cobalt 
EUTECTIQUES 
ORIENTES 

ALLIAGES  A 

PHASE  DISPERSES 

SANS  PROBLEMS,  si 
opdratlon  terml* 
nale  A "activitd 
contrfilde" 

Excel lente  tenue  A 
I'oxydation  et  A la 
sulfuration  ; sta* 
bllltd  et  ductl- 
lltd  des  galnages 
partlcullArement 
dlevdes. 

+ e.g.  mdthode  k 
activitd  contrblde 
**  e.g.  mdthode  A 
haute  activitd. 

Figure  I : Type  d'installation  permettant  I'appli- 
cation  de  1 'ensemble  des  techniques  thermo-chimi- 
quea  ONESA  de  protection  ou  d'assemblage  (vue 
partielle)  - Alloy  Surfaces-Wilmington. 


Les  rdsultats  obtenus  par  application  de  la 
mdthode  DE  77  peuvent  6tre  mis  en  dvidence  par 
I'examen  des  figures  2 A 4,  qul  se  rapportent  A 
un  problAme  d'actualitd,  partlcullArement  ddli- 
cat  et  Jusqu'A  prdsent  imparfaltement  rdsolu, 
en  I'occurrence  la  protection  d'eutectiques 
orientds  renforcds  par  fibres  de  carbures  type 
COTAC. 


m 


Figure  2 : Structure  de  la  base  d'accrochage 
caractdristique  du  traltement  de  protection  DE  77  : 
exemple  COTAC  74  - sens  perpendiculaire  aux 
fibres 


L 


Figure  3 : Structure  d'un  gainage  DE  77  appliqu6 
sur  COTAC  74  : 3A  * sens  parall^Ie  aux  fibres, 

3B  - sens  perpendiculaire  aux  fibres 


Figure  4 : Structure  d'un  gainage  DE  77  appliqu^ 
sur  COTAC  74  apr^s  essai  d'oxydation  sous  cyclage 
thermique  vio\ent  de  500  heures  k 1 I30*’C  dans 
L'air  : 4A  - sens  parall^le  aux  fibres,  4B  * sens 
perpendiculaire  aux  fibres  ; noter  I'absen* 

ce  pratique  d'^volution  de  I'dpaisseur  initiale 
du  gainage. 


Les  mdthodes  de  protection  par  P.V.D.  permet- 
tent  d'dtablir  k la  surface  des  pieces  k protd* 
ger  des  revStements  dont  I'dpaisseur  n'est  en 
principe  pas  limit^e  ; la  composition  des  gainages 
est  homog^ne  et  peut  6tre  adapt^e  k celle  de 
mat^riaux  complexes  prdsentant  une  resistance 
indgalde  k la  corrosion  k haute  tempdrature  (8,9). 
En  contre'partie,  les  mdthodes  de  protection  par 
P.V.D.  prdsentent  plusleurs  inconvdnients  majeurs  ; 
ces  inconvdnients  sont,  outre  un  prix  de  revient 
trds  dlevd,  un  faible  pouvoir  de  pdndtration  et 
une  ductilitd  en  gdndral  imparfaite,  une  tendance 
k la  rediffusion  en  service  k haute  tempdrature 
susceptible  de  se  traduire  par  un  abaissement 
sensible  de  la  tenue  en  fluage  des  pidces 
protdgdcs  (10). 

L'efficacitd  et  plus  particulidrement  la 
stabilitd  des  revdtements  protecteurs  rdalisds 


par  P.V.D.  peuvent  8tre  sensiblement  amdliordes 
en  associant  une  telle  mdthode  de  protection 
avec  une  opdration  initiale  de  gainage  effectude 
par  voie  thermo'chimique , telle  que  diffusion 
des  quantitds  limitdes  de  chrcnne,  d'aluminium  et 
de  chrome  ou  de  chrome  et  de  tantale  (11),  un 
revdtement  initial  gdndral  de  1 'ensemble  des 
surfaces  des  pidces  k protdger  pouvant  alors  dtre 
obtenu.  La  base  d'accrochage  particulidre  type 
nickel'Chrome  80/20  + additions  qui  correspond 
k la  caractdristique  essentielle  de  la  mdthode 
DE  77,  ainsi  que  des  gainages  d'dpaisseur  faible 
mais  rdgulidre  pouvant  dtre  finalement  obtenus 
en  fin  d 'application  de  la  mdthode,  se  prdsentant 
a priori  comme  des  types  de  prd-revStements 
particulidrement  efficaces  dans  le  cas  de  pidces 
devant  dtre  protdgdes  par  P.V.D. 
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L'appllcation  termlnale  d*un  traltement 
de  galnage  compldmentaire  par  vole  chermo- 
chlmique,  teL  que  la  chroma lunimlsatlon,  sur  des 
pieces  protdgdes  eesentiellement  par  F.V.D. 
esc,  d'un  autre  cdtd,  bien  connue  ; elle  permec, 
dans  diffdrents  cas  partlculiers , aussi  blen 
d'am^liorer  la  quailed  et  1 'homogdndicd  des  zones 
superflclelles  des  gainages  que  d'assurer  le 
revdtemenc  et  par  suite  la  protection  de  zones 
des  places  n'ayant  pu  @tre  atteintes  lors  de 
l'appllcation  du  traltement  de  recouvrement  par 
P.V.D.  (12) 

2 - PRINCIPE,  DISPOSITIONS  ESSENTIELLES  ET  ONDI- 

TIONS  D 'ENSEMBLE  D'APPUCATION  POSSIBLE  DE  LA 

METHODE  ONERA-SF. 

A - Principe. 

Le  prlnclpe  et  le  but  de  la  mdthode  SF 
correspondent  k la  posslbllitd  d'assurer  de  fagon 
simple  et  liable,  le  plus  souvent  avec  une  seule 
opdratlon  par  vole  thermo-chlmlque,  la  protection 
de  1 'ensemble  des  surfaces  externes  et  des  surfa- 
ces Internes  de  places  refroldles  (en  gdndral 
allettes  mobiles  ou  aubages  redresseurs) , soumises 
aux  effets  de  la  corrosion  ou  de  la  flssuration 
en  milieu  corrosif,  quelle  que  pulsse  @tre  la 
ccxnplexltd  de  la  gdomdtrle  interne  des  places  k 
revdtlr  ; un  autre  objectil  est  la  ddlinltlon 
de  traitements  permettant  d'dtabllr  des  revSte- 
ments  protecteurs  d'dpalsseur  prdddtemlnable 
sulvant  cheque  zone  particulldre  des  places,  sans 
aucun  risque  d'obturation  des  orifices  d'dcoule- 
ment  de  fluide  de  refroidlssement,  si  fin  solent- 
ils,  ou  de  reduction  intempestlve  des  dimensions 
de  tels  orifices. 

L'appllcation  de  la  mdthode  SF  apparalc 
princlpalement  justiflde  dans  le  cas  de  la  protec- 
tion de  places  refroldles  constitutes  par  des 
superalllages  trts  senslbles  k 1 oxydation  ou  k la 
sulfuration  tels  que  I'IN  100  ou  le  B 1900,  surtout 
quand  le  refroidlssement  des  places  est  assurt, 
au  molns  en  par tie,  par  des  orifices  d'tjectlon 
d'alr  de  trts  faible  dlamttre  ou  par  des  canaux  longs 
et  ttroits  : refroidlssement  par  convection,  film 
impact  ...  ou  association  simultante  de  plusleurs 
de  ces  mtthodes. 

B - Dispositions  essentlelles. 

La  mtthode  SF  correspond  k deux  dispositions 
caracttrlstlques  essentlelles,  dont  la  mise  en 
oeuvre  unltaire  ou  I 'association  peuvent  Stre 
envisagtes,  en  fonction  de  chaque  cas  particu- 
lier  : 

a)  stparation  initiale  des  pieces  k prottger 
du  milieu  de  traltement,  au  moins  sulvant  des 
zones  d'arrivte  ou  d'tjecclon  d'alr.  de  refroi- 
dissement,  k I'alde  de  capots  ductiles  k trts 
forte  porositt,  dont  la  forme  peut  ttre  exacte- 
ment  adaptte  A celle  des  zones  des  pieces  qu'elles 
doivent  recouvrir  : disposition  SF  figure  5. 

b)  Introduction  initiale,  d I'lnttrieur  des  pieces 
k prottger,  de  mattriau  protecteur  apportt  en 
quantitts  prtdttermlntes , sulvant  une  disposition 
permettant  d'en  assurer  une  utilisation  k la  fois 
progressive  et  totale  au  cours  du  traltement  de 
galnage  ; disposition  SF  +. 

Les  capots  de  separation  sont  constituds  par 
de  la  feuille  mince  et  parfaitement  ductile  de 
feutre  de  nickel  prdsentant  une  porositd  ouverte 
k la  fois  trds  dlevde  et  trds  fine,  transformde 
par  vole  thermo-chimique  en  duplex,  en  feutre 
dgalement  trds  poreux  et  ductile  d'alllage  nickel- 
chrome-aluminiuffl  ; le  matdriau  pcssbde  une  poro- 
sitd  entidrement  ouverte  de  I'ordre  de  90  % et  son 
dpaisseur  est  gdndralement  de  I'ordre  de  0,3  k 
0,4  millimetre. 


Figure  5 : Aubes  mobiles  refroldles  diverses  et 
capots  de  separation  correspondants  pour  protec- 
tion SF. 


Le  materlau  poreux  qul  peut  dtre  mis  en 
forme  sans  dlfflcuites,  solt  initialement , soit 
aprds  transformation  par  vole  thermo-chlmlque 
prdalable  par  chromisatlon  moderde,  ne  prdsente 
aucune  rdponse  dlastique  sensible,  se  rdvdle 
pratiquement  neutre  sur  le  plan  thermo-chlmlque 
et  ne  peut  adhdrer  flnalement  k la  surface  des 
pieces  protdgdes,  correspond  de  ce  fait  k un 
type  de  separation  particulidrement  satisfaisant. 
Les  caraetdristiques  particulidres  du  matdrlau 
et  plus  partlculldrement  sa  porositd  ouverte  k la 
fois  trds  dlevde  et  trds  fine  permettent,  d'une 
part  d'dviter  toute  pdndtration  de  particules, 
si  fines  solent-elles , A I'lntdrleur  des  plAces  k 
revdtlr,  d*autre  part  d'accentuer  les  mouvements 
de  convection  assurant  la  circulation  des  vapeurs 
d 'halogdnures  vecteurs  des  mdtaux  d'apport  dmlses 
k partlr  de  la  charge  de  traltement.  Une  denslfl- 
catlon  locale,  partielle  ou  complete,  du  matdrlau, 
qul  peut  dtre  effectude  Initialement  par  simple 
dcrasement  permet  d'un  autre  cOtd  d'assurer  si 
ndeessaire  une  rdductlon  contrOlde  ou,  k la 
llmlte,  la  suppression  des  courants  de  convection  ; 
cette  dernlAre  disposition  peut  dtre  utillsde, 
solt  pour  obtenlr  des  gainages  d'dpaisseur  notable 
sur  certains  compartiments  ddterminds  seulement 
de  pidees  refroldles  partlculidres , solt  pour 
partlciper  k la  rdallsatlon  de  rdserves  de  protec- 
tion, aussi  blen  Internes  qu'extemes. 

L' Incorporation  initiale  dventuelle  d'une 
quantitd  prdddtermlnde  et  entldrement  consommable 
d'dldments  protecteurs  d'apport  k I'lntdrleur 
des  pidees  k protdger,  ndeessaire  dans  dlffdrents 
cas  pour  assurer  un  rOle  de  relals  des  vapeurs 
d 'halogdnures  mdtalllques  dmlses  k partlr  de  la 
charge  de  traltement  proprement  dlte,  met  en  jeu 
le  plus  souvent  un  matdrlau  (type  "sandwich")  k 
base  d 'aluminium-chrome.  Ce  matdrlau  est  constl- 
tud  en  gdndral,  sulvant  les  cas,  soit  par  des 
sections  de  feuille  mince,  soit  par  des  sections 
de  fil  fin  d'aluminlum,  revdtues  de  chrome 
ddposd  le  plus  souvent  par  dlectrolyse  pour  un 
rapport  en  poids  chrome  sur  aluminium  bien 
ddfini  et  qui  sont  introduites  k I'lntdrleur  des 
pldces  k protdger  en  quantitds  correspondent  au 
rdsultat  flnalement  recherchd.  II  est  dgalement 
possible,  dans  certains  cas  au  molns,  de  mettre 
en  oeuvre  des  particules  d'aluminlum  chromd 
dlectrolytiqueoient  ou  oxyddes  anodiquement  qui 
sont  alors  injeetdes  Initlalemait  k I'aide  de 
pites  ou  de  gels  dliminables  k chaud  sans  forma- 
tion de  rdsldus  noclfs. 

Le  ddpdt  initial  de  chrome  k la  surface  de 
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1 'aluminium  pemet  d'4viter  h haute  temperature 
I'ecoulement  et  la  mise  en  gouttea  du  mdtal 
subatrat  k faible  point  de  fuaion,  et  empdche 
ainsi  que  cellea-ci  conduiaent  k un  revStanent 
d'dpaiaaeur  irrdguliere  ou  k dea  corroaiona 
localea  en  phaae  liquide  dea  aurfacea  du  matdriau 
traite  ; ce  ddpOt  conduit  d' autre  part  k aaaurer 
dana  lea  meilleurea  conditiona  I'apport  et  la 
diffuaion,  progreaaivea  maia  totalea  en  fin 
d'opdration,  dea  dldmenta  protecteura  d'apport, 
chrome  et  aluminium. 

C - Conditiona  poaaiblea  d'application 

L'application  de  la  mdthode  SF  apparatt  en 
principe  posaible  de  fagon  gendrale,  associde  k 
une  technique  quelconque  de  protection  par  voie 
thermo'chimique  k la  poudre  ou  en  phaae  purement 
gazeuae  mettant  en  Jeu  diffdrents  dldmenta 
d'apport. 

En  fait,  1 'utilisation  de  la  mdthode  SF 
apparatt  la  plus  intdressante  et  se  rdvdle  la  plus 
efficace  dans  le  cas  dea  procddds  de  protection 
k activitd  contrOlde,  faisant  intervenir  au  moina 
en  partie  1 'aluminium  comme  dldment  diffuaant 
protecteur,  par  exemple  chroma luminiaation 
ONERA  ou  Co-Dep  de  General  Electric. 

La  mdthode  SF,a8socide  dventuellement  d la 
disposition  compldmentaire  ddcrite  ci-dessus, 
peut  6tre  appliqude  sans  modification  de  principe 
aux  traitements  de  protection  proprement  dits, 
d'une  part  dans  le  cas  de  pidces  initialement 
vierges,  d'autre  part  dana  le  cas  de  pidcea  ini**' 
tialement  revdtues  par  voie  dlectrolytique,  thermo- 
chimique,  ou  P.V.D. 

Dans  le  cas  de  protections  correspondent  k 
dea  revdtements  particuliers  obtenus  par  applica- 
tion successive  d'au  moina  deux  opdrations  analo- 
gues ou  diffdrentes,  certainea  dispositions 
spdciales  de  prdparation  dea  pidces  apparaiaaent 
le  plus  aouvent  ndcessaires. 

Ainsi,  la  protection  par  seule  voie  thermo- 
chimique,  type  chromaluminisation  par  exemple, 
d'ailettes  mobiles  dont  le  refroidisaement  doit 

aaaurd  par  la  prdaence  d'un  grand  nombre  de 
perforations  tr^a  fines  et  dont  la  protection 
doit  correspondre  respectivement  k dea  gainages 
de  forte  dpaisseur  suivant  lea  surfaces  extemes 
dea  pieces  et  k dea  gainages  plus  minces  suivant 
la  surface  dea  orifices  de  refroidisaement  et  dea 
surfaces  intdrieurea  pourra  ndcessiter  dea  traite- 
ments  succeasifa  ; la  perforation  dea  pieces  dans 
de  pareils  cas  pourra  dtre  effectude  aprds  appli- 
cation dea  premiers  traitements,  chromaluminisa- 
tion ou  sylcraliaation  par  exemple,  qui  corres- 
pondent en  eux-mdme  pratiquement  k I'obtention 
du  gainage  exteme  de  forte  dpaiaseur  et  peuvent 
dtre  rdaliada  de  fagon  en  soi  claaaique,  le  traite- 
ment  compldmentaire  de  protection  interne  ndcessi- 
tant  alora  seulement  la  mise  en  oeuvre  d'une  au 
moina  dea  dispositions  SF. 

Un  processus  analogue  de  perforation  inter- 
posde  suivi  de  traitement  compldmentaire  de  protec- 
tion par  vole  themo-chimique  suivant  la  mdthode 
SF  peut  dtre  envisagd  de  mtoe,  dana  le  cas  de 
pidcea  revdtuea  initialement  par  P.V.D.  au  lieu 
d'dtre  protdgdea  par  diffusion. 

D'un  autre  cStd,  1 'application  d'au  moina 
une  disposition  SF  permet  d'aaaurer,  dans  le  cas 
de  certains  types  de  pidces  refroidies,  un  prdgai- 
nage  gdndral  ou  seulement  interne  destind  k Mdlio- 
rer  finalement  la  qualitd  de  tenue  k la  corrosion 
d'aubes  dont  la  protection  des  surfaces  externes 
eat  essentiellement  prdvue  par  application  de 
mdthodes  P.V.D,  La  limitation  initiale  d'un  prd- 
gainage  k base  d'aluminium  aux  seules  surfaces 


internes  de  pieces  refroidies  et  aux  surfaces 
d'orifices  d'djection  d'air  dventuels  peut  dtre 
assurde  de  fagon  simple  en  utilisant  la  disposition 
SF  correspondent  A 1 ' introduction  d'dldments 
associds  consommables,  type  aluminium  chromd  : les 
pidces  k traiter  peuvent  alors,  selon  le  cas  et  le 
but  recherchd,  dtre  chauffdes  soit  en  phase  pure- 
ment gazeuse,  soit  dans  un  milieu  pulvdrulent 
neutre  ou  actif,  par  exemple,  dans  ce  dernier  cas, 
cdment  de  chromisation  moddrde  assurant  lors  de  la 
mdme  opdration  I'dtablissement  d'un  gainage  enri- 
ch! en  chrome  suivant  les  surfaces  extemes  des 
pidces  k recouvrir. 

D'une  fagon  trds  gdndrale,  il  apparatt 
essential  de  prdciser  que  la  rdalisation  de 
revdtements  protecteura  suivant  les  surfaces 
internes  des  pidces  creuses  ou  perfordes  se 
traduit  indvitablement  par  une  surdpaisseur, 
rdgulldre  et  prdddterminable,  qui  correspond  k 
la  moitld  environ  de  I'dpaisseur  de  gainage 
proprement  dite  ; une  telle  surdpaisseur,  en 
elle-mdme  facile  k compenser  initialement,  peut 
dtre  dventuellement  mise  k profit  pour  obtenir 
des  perforations  trds  fines  k partir  de  perfo- 
rations de  dlamdtre  initialement  plus  dlevd  et  de 
ce  fait  plus  faciles  k rdallser. 

3 - ANALYSE  DE  QUELQUES  RESULTATS  OBTENUS  PAR 
APPLICATION  DES  DISPOSITIFS  SF. 

Les  figures  6 et  7 reprdsentent  diffdrents 
types  de  pidces  d'dtages  avancds  de  turbo-machines 
protdgdes  par  seule  voie  themo-chimique  ou  par 
association  de  mdthodes  de  protection  diffdrentes, 
avec  mise  en  oeuvre  de  la  mdthode  SF  : pieces 
refroidies  par  convection,  film,  impact  ...  ; elles 
permcttent  de  mdttre  en  dvidence  la  grande  diver- 
sitd  des  cas  qui  ont  ddjA  pu  dtre  dtudids,  aucune 
configuration  interne  particulidre  des  pidces  ne 
semblant  en  elle-mdme  poser  de  probldme  Insurmon- 
cable. 


Figure  6 : Flicei  refroldle,  diverse,  de  turbo- 
rdacteur,  procdgde,  par  ndthode  SF, 


Figure  8 : Structure  du  galnage  d'une  aube  mobile 
refroidie  en  B 1900  protdgde  par  chromaluminisation 
SF,  pour  gainage  d'dpaisseur  diffdrente  auivant  les 
surfaces  extemes  de  la  pale  et  les  surfaces  des 
orifices  d'djection  d'air  de  refroidissement 


mm 


Figure  9 : Structure  du  gainage  exteme  et  du  gainage 
interne  d'une  aube  mobile  refroidie  en  MAR  002  pro- 
tdgde  par  chromaluminisation  SF^  - section 

k mi-hauteur. 


Figure  10  : Structure  du  gainage  externe  et  du  gai- 
nage interne  d'une  aube  mobile  refroidie  en  Nimo- 
nic  108  protdgde  de  fa^on  gdndrale  par  chromalu- 
minisation SF^  ; 10  A : vue  d'ensemble,  10  B : 
ddtail  de  la  structure  du  gainage  externe,  10  C : 
ddtail  de  la  structure  du  gainage  interne 
section  k mi-hauteur. 


Figure  7 : Aubes  mobiles  refroidies  de  turbine 
industrielle  de  puissance  prot^gdes  par  mdthode  SF 
(alliage  rdfractaire  IN  100  : protection  chromalu- 
minisation, sy Icralisation  ou  DE  77). 


L'examen  des  micrographies  qui  correspondent 
aux  figures  8 k 14,  permet  de  son  cdtd  d’illustrer 
les  rdsultats  qui  ont  pu  dtre  obtenus  dans  diffdrents 
cas  de  faqon  ddsormais  prdddterminde  et  fiablc. 
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Figure  11  : Structure  du  gainage  exteme  et  du 
gainage  interne  d'une  aube  mobile  refroidie  en 
Nimonic  108  prot£g4e  par  chromaluminisation 
SF  suivant  compartiaents  bord  d'attaque  et 
bord  de  fuite  seulement.  C0t4  bord  de  fuite, 
section  h mi*hauteur  (12). 


Figure  14  : Structure  des  zones  superficielles 
d'une  ^prouvette  d'IN  100  prot^g^e  par  chromalu- 
minisation  SF  apr^s  d^pdt  41ectroly tique  tr^s 
mince  de  platine 
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Figure  12  ; Structure  du  gainage  externe  et 
du  gainage  interne  d'une  aube  mobile  refroidie 
en  Nimonic  108  prot4g4e  par  sylcralisation 
SF  - section  h mi-hauteur. 


Figure  13  : Structure  dee  zones  superficielles 
du  gainage  exteme  obtenu  sur  une  aube  refroidie 
en  B 1900  protdgde  initialement  par  P.V.D. 
(Cocraly  de  P.WA.)  puis  chroaaluMinisation  SF 


D'une  fa9on  gdndrale,  I'dpaisseur  des  gains- 
ges  internes  de  pieces  refroidies  rdalis^s  suivant 
application  de  la  m^thode  SF  se  trouve  le  plus 
souvent  comprise  entre  une  dizaine  et  une  trentaine 
de  microns  ; I'dpaisseur  des  revStements  devant 
assurer  la  protection  des  surfaces  externes  des 
pieces  est  de  son  c8td  habituellement  comprise  entre 
trente  et  cent  microns.  Si  I'on  se  rapported  une 
unitd  d'dpaisseur  de  gainage  correspondent  k une 
valeur  ddtermln^e,  par  example  vingt  microns,  la 
qualitd  de  resistance  k la  corrosion  k haute  tem- 
perature sous  fatigue  thermique  des  revBtements 
des  surfaces  internes  apparait  au  moins  egale 
k la  qualite  des  revBtements  des  surfaces 
externes  obtenus  par  application  des  meilleures 
methodes  classiques  de  protection  par  voie  thermo- 
chimique  ; les  revBtements  internes  ne  presentent 
en  particulier  aucune  susceptibilite  k I'ecaillage 
en  milieu  oxydant  k haute  temperature  et  prote- 
gent  efficacement  le  substrat  contre  les  effets 
de  la  fatigue  thermique.  La  resistance  k la  corro- 
sion partlculierement  eievee  des  revBtements 
internes  et  leur  absence  de  sensibilite  k I'ecail- 
lage s'expliquent  aisement  par  le  fait  que  de  tels 
gainages  protecteurs  sont  constitues  essentielle- 
ment  par  des  aluminiures  sub-stoechiometriques  par 
rapport  k la  definition  exacte  M-Al,  les  alliages 
de  diffusion  correspondents  contemnt  par  ailleurs 
du  chr(Mne  selon  toute  leur  epaisseur  et  se  trou- 
vant  dans  un  etat  de  compression  a priori 
favorable. 

L'examen  des  figures  8 A l4  ne  semble  pas 
justifier  de  commentaires  detailies,  de  tels 
commentaires  ne  pouvant  que  recouper  des  indica- 
tions dejA  presentees. 

La  figure  15,  par  contre,  se  rapporte  A un 
cas  special,  en  1 'occurrence  la  protection  contre 
la  corrosion  et  surtout  contre  le  colmatage 
de  rampes  d' injection  de  post-combustion.  Dans  un 
pareil  cas,  qui  necessite  seulement  de  faqon 
gAndrale  la  disposition  SF  compiementaire,  la 
presence  du  revBtement  interne  pennet  en  parti- 
culier, sinon  d'eviter  conpIAtement,  du  moins  de 
rdduire  considerablement,  I'apparition  et  le  deve- 
loppement  de  phenomAnes  de  dep8t  et  de  crolssance 
de  sites  de  germination  de  suies  A base  de  carbone 
qui  peuvent  se  tradulre  finalement  par  1 'obtura- 
tion locale  ou  gendrale  des  Injecteurs. 
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Figure  15  : Structure  des  zones  superficielles 
d'une  perforation  de  rampe  de  post-combustion 
en  Inconel  protdgde  par  chromaluffinisation  SF^ 


CONCLUSIONS. 

Les  rdsultats  qu'a  d^j^  permis  d'obtenir  sur 
pieces  rdelles  1 'application  de  la  technique  de 
gainage  SF,  dans  le  cas  d'dldments  refroidls 
prdsentant  une  gdomdtrie  interne  particuli^rement 
complexe,  semblent  pouvoir  apporter  une  contri* 
bution  int^ressante  au  d^veloppement  et  k la 
sdcurit^  d'emploi  de  turbo-machines  avanc^es, 
caractdrisdes  essentiellement  par  des  tempera- 
tures d'entrde  de  turbine  tr^s  eiev^es. 

La  collaboration  tr^s  positive  qui  s'est 
dtablie  entre  le  laboratoire  de  I'ONERA  et  diffe- 
rents  constructeurs  ou  utilisateurs  est  de 
toutes  fa^ons  I'une  des  raisons  prlmordiales 
qui  ont  conduit  la  mdthode  SF  k depasser  rapide- 
ment  le  stade  de  I'application  initiale  sur  eprou- 
vettes  ou  maquettes  hcmothetiques , permettant  de 
ce  fait  d'en  assurer  une  transposition  et  une  mise 
au  point  effectives  susceptibles  dks  maintenant 
de  se  traduire  par  une  application  en  production 
de  sdrie. 
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ABSTRACT 

In  the  field  of  gas  turbine  applications,  the  severe  requirements  of  extended  operation  in  marine 
environments  or  an  increase  in  the  inlet  temperature,  limit  the  life  of  the  diffusion  aluminide  base  coa- 
tings for  nickel  and  cobalt  superalloys. 

During  the  last  few  years,  new  protective  "overlay"  coatings  such  as  Co/Ni-Cr-Al-Y-Ta  have 
been  developed  in  order  to  satisfy  the  requirements  of  the  gas  turbine  designers  and  have  shown  an 
exceptional  hot  corrosion  resistance.  They  were  even  optimized  to  obtain  an  acceptable  compromise 
between  hot  corrosion  and  thermal  shock  resistance  , 

The  present  paper  aims  at  summarizing  the  experience  gained  so  far  with  the  development  of  such 
cobalt  base  and  particularly  Co-Al-Cr-Ta-Ni-Y  alloys  and  the  evaluation  of  corresponding  coatings  by 
various  techniques. 

1.  INTRODUCTION 

Diffusion  coatings  have  been  widely  used  during  the  last  years  to  protect  gas  turbine  blades. 

The  majority  of  diffusion-coating  system  contain  aluminide  compounds  which  interact  with  the  base  metal 
to  form  a diffusion  layer  rich  in  Ni  Al,  or  Co  A1  as  protective  layer.  These  intermetallic  compounds  have 
an  excellent  oxidation  resistance  but  their  sulphidation  or  hot  'orrosion  resistance  is  weak.  Under  the 
latter  conditions  their  protective  action  ceases  , and  the  material  itself  is  attacked.  Furthermore,  for  the 
newer  engines,  which  use  alloys  such  as  directionally- solidified  or  the  oxide  dispersion-strengtheneid 
alloys,  the  diffusion  coatings  result  in  a weakening  of  the  alloy  (1).  New  coatings  are  needed  to  satisfy 
the  requirements  of  the  designers. 

They  must  be  free  of  elements  such  as  W,  Nb,  Mo,  V which  affect  detrimentally  the  hot  corrosion 
resistance  as  shown  by  recent  studies.  On  the  contrary  they  must  contain  aluminium  and  chromium,  the 
principal  scale-forming  elements  in  order  to  provide  adequate  hot  corrosion  and  oxidation  resistance. 
Overlay  matings  were  developed  during  the  last  years  in  order  to  meet  these  requirements.  Among  these 
the  Co/Ni -Cr-Al-Y  developed  by  Pratt  and  Whitney  Arcraft  and  S 57  developed  by  CRM  have  shown  an 
exceptional  corrosion  resistance. 

The  present  paper  aims  at  summarizing  the  experience  gained  so  far  with  this  type  of  overlay 
coatings  and  particularly  with  the  S 57  series  of  cobalt  base  alloys. 

2.  M-Cr-Al-Y  OVERLAY  COATINGS 

The  basic  features  of  this  type  of  coatings  will  be  briefly  described  in  this  section. 

Coatings  of  this  type  developed  by  Pratt  and  Whitney  contain  typically  about  12%A1,  30%Cr,  0.  5%Y,  M 
representing  Co  or  Co  -I-  Ni. 

Fig.  1 compares  the  microstructure  of  a typical  Co  Cr  Al  Y overlay  coating  to  that  of  diffused  alu- 
minide on  a nickel  base  alloy.  The  comparison  illustrates  the  difference  in  depth  of  interdiffusion  between 
the  two  systems. 

Fig.  2.  compares  the  hot  corrosion  resistance  of  M Cr  Al  Y.type  coatings  to  that  of  aluminide  coa- 
tings.  The  oxidation  resistance  of  the  M Cr  Al  Y coatings  is  due  to  the  formation  of  protective  AI2O3. 
Following  Pettit  and  Giggins  (2)chromium  assists  in  AI2O3  formation  during  the  transient  oxidation  period. 
Improved  resistance  to  AI2O3  spallation  under  thermo-cyling  conditions  is  due  to  the  presence  of  Y2O3 
which  forms  micro-pigs  at  grain  boundaries  and  within  grains  and  improves  the  adherence  of  AI2O3  on  the 
alloy  surface. 

The  hot  corrosion  of  the  M Cr  Al  Y alloys  derives  from  two  factors  (3),  namely  the  presence  of 
adherent  AI2OJ  which  retards  the  basic  fluxing  initiation  stage  and  the  presence  of  significant  amounts  of 
chromium  which  retards  the  basic  fluxing-sulfide  oxidation  propagation  stage.  It  has  been  observed  that 
the  Co-Cr-AI-Y  are  more  resistant  in  hot  corrosion  than  the  corresponding  Ni-Cr-Al-Y  alloys. 

Concerning  the  mechanical  properties  of  the  coatings.the  Al  concentration  plays  a major  role  as 
regards  the  ductility  of  the  coating.  The  compositions  which  give  rise  to  a matrix  phase  of  CoAl  or  NiAl 
with  a dispersed  solid  solution  phases  or  pure  Co  Al  or  Ni  Al  exhibit  brittle -ductile  transition  behavior 
similar  to  that  observed  for  the  aluminide  coatings  (Fig.  3).  Nevertheless  significant  ductility  can  be 
obtained  by  a decrease  in  aluminium  content  at  the  expense,  however  of  the  oxidation  and  hot  corrosion 
resistance. 

* Research  carried  out  under  the  auspices  of  the  Institut  pour  I'Encouragement  de  la  Recherche 
Scientifique  dans  I'Industrie  et  I'Agriculture  (I.  R.  S.  I.  A. ). 

**  Respectively,  Chercheur  Principal,  Chef  de  Service  Adjoint,  Ingjnieur  en  Chef  and  Directeur  Adjoint 
at  CRM  and  Professeur  at  the  University. 
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The  coatings  were  optimized  to  obtain  an  acceptable  compromise  between  hot  corrosion  and  thermal 
shock  resistance  (1). 

Many  methods  of  processing,  including  diffusion  bonding,  powder  sintering  or  melting,  plasma 
spraying  and  physical  vapor  deposition  including  sputtering  were  evaluated  for  the  application  of  the  over- 
lay coatings. Of  these,  physical  vapor  deposition,  involving  evaporation  of  a continuously  fed  ingot  with  a 
high  voltage  electron  beam  and  condensation  of  the  vapor  on  parts  appropriately  rotated  in  the  vapor 
cloud  has  been  shown  the  most  promising  for  the  application  of  the  M Cr  A1  Y type  alloys.  This  process 
operates  now  on  a large  scale  (Fig.  4). 

3.  DEVELOPMENT  OF  S 57 

3.1.  Introduction 

The  effect  of  various  alloying  elements  on  the  dry  corrosion  behaviour  of  Co-Cr  binary  and  more 
complex  cast  alloys  was  determined  in  previous  works  (4,  5,  6). 

The  results  showed  that  additions  of  Cr,  Ta  and  A1  contribute  significantly  to  the  oxidation,  sulphidation 
and  hot  corrosion  resistance  of  cobalt  alloys.  Moreover,  yttrium  additions  improve  the  adhesion  of  the 
oxide  scale  during  thermal  cycling  and  decrease  the  penetration  of  internal  sulphides  and  oxides. 

These  systematic  investigations  led  to  the  development  of  S-57,  a cast  or  wrought  cobalt-base  ’ 
alloy  containing  nominally  25%Cr-10%Ni,  5%Ta,  3%A1  and  0.  5%Y.  Nickel  was  included  as  it  is  normally 
incorporated  in  cobalt  base  alloys  to  stabilize  the  1.  c.  c.  structure.  The  chromium  content  was  limited 
to  25%  so  as  to  limit  the  risks  of  a phase  formation  and  because  a chromium  content  of  this  level  appea- 
red, from  previous  experience,  satisfactory  for  adequate  corrosion  resistance. 

The  S 57  alloy  is  particularly  resistant  to  oxidation  in  still  air  and  to  hot  corrosion  in  combustion 
gases  contaminated  with  sulphur  and  alkali  metal  salts  and  is  far  superior  to  current  superalloys.  Fig.  5 
compares  the  mass-gain  curves  for  S 57  at  1095'C  in  still  air  with  those  for  various  cobalt-base  super- 
alloys (7)  : the  S-57  alloy  appears  even  more  resistant  than  FSX  414  which,  on  account  of  its  30%Cr  con- 
tent, already  possesses  good  oxidation  resistance.  Similarly,  Fig.  6 confirms  the  good  hot  corrosion  beha- 
viour of  S 57  as  compared  with  other  nickel-and  cobalt-base  superalloys. 

The  isothermal  oxidation  kinetics  of  S 57,  Co-35Cr,  TD-Co  and  related  commercial  alloys  X 40, 

WI  52,  Haynes  1002  and  alumina -forming  dispersion-strengthened  alloys  have  been  compared  at  Battelle 
Columbus  Laboratories  (8). 

Table  I gives  the  test  conditions  and  the  weight  increases  for  the  different  alloys.  The  results  show 
that  the  alumina -forming  alloy s (Co-20Cr-6Al  and  S-57)  have  the  best  oxidation  resistance;  they  are  follo- 
wed by  the  alloys  forming  protective  chromia  scales  (Co-35Cr,  X-40  and  HA-1002)  and  then  by  the  WI-52 
alloy  forming  a cobalt  rich  oxide  scale. 

The  good  resistance  of  S-57  to  hot  corrosion  has  been  further  confirmed  in  studies  carried  out  at 
Battelle  (8)  or  at  the  Nasa  Lewis  Research  Center  (9). 

3.2.  Coating  studies. 

Because  of  its  excellent  resistance  in  corrosive  environments  the  application  of  S 57  as  a protecti- 
ve coating  appeared  of  particular  interest.  To  this  end,  S 57  prealloyed  powders,  sheets  and  wires  were 
prepared  for  coating  or  for  making  parts  by  different  techniques. 

The  S 57  powders  intended  for  coating  parts  by  plasma-torch  spraying  were  obtained  by  water  or 
inert  gas  atomization  or  by  the  Coldstream  process  and  then  screened  within  the  37-88  flm  and  <37  fim 
size  ranges. 

Figs.  7 to  9 illustrate  the  morphology  and  the  dendritic  microstructure  of  such  powders,  A typical 
size  distribution  of  water  atomized  powders  as  obtained  by  Quantimet  analysis  is  given  in  Fig.  10.  Most  of 
the  plasma -spraying  tests  were  made  with  the  37-88  water  atomized  powders  with  Ar,  Ar  + 8%H2  or 
N2  + 10%  H2  as  plasma  gas.  Homogeneous  S 57  coatings  with  good  density  and  bonding  could  be  readily 
obtained  on  various  substrates.  The  bonding  of  the  S 57  deposits  with  the  substrate  was  evaluated  by  a qua- 
litative method  used  in  aeronautical  gas  turbine  construction  (10,11).  Sheet  specimens  were  coated  over 
one  face  and  submitted  to  a deep  drawing  Erichsen-type  test  from  the  uncoated  face.  The  tests  were  made 
on  18/8  stainless  steel  sheets  with  deposits  0.  1 5 to  0.  2 mm  thick  subjected  to  5 and  7.  6 mm  deep  defor- 
mation. 

The  ductility  and  the  bonding  of  the  S 57  deposits  with  thickness  up  to  0.2  mm  appears  quite  good. 
S-57  coatings  made  on  IN  738  substrates  performed  under  a protective  atmosphere  to  prevent  ie  oxida- 
tion of  the  powders,  with  Ar  or  Ar  + 8%H2  as  plasma  gas,  have  shown  that  the  porosity  in  the  deposit 
was  least  with  Ar  + 8%H2  as  plasma  gas  and  that  heat  treatment  under  vacuum  for  4 h at  1065*C  impro- 
ves the  density  of  the  deposits  and  promotes  a precipitation  reaction  leading  to  higher  microhardness. 

Plasma  spraying  tests  were  also  performed  on  experimental  cobalt  alloys  containing  10%Cr  as 
well  as  on  the  nickel  base  alloy  IN-713.  A diffusion  treatment  for  21  h at  llOO'C  in  an  inert  atmosphere 
was  applied  to  the  speciments  which  were  then  subjected  to  hot  corrosion  tests  at  950‘’C  in  combustion 
gases  contaminated  with  sulphur  and  sodium  with  cooling  to  room  temperature  every  48  h.  In  such  tests, 
uncoated  samples  of  the  Co-10%Cr  and  IN  713  alloys  become  heavily  corroded  already  after  some  100  h. 
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The  S 57  coating  improves  their  life  by  a factor  of  10. 

Sheet  specimens  (45  x 75  x 1 mm)  of  Inconel  600  were  coated  on  one  face  with  S 57  prealloyed 
powders.  Other  S 57  coatings  on  a stainless  steel  substrate  have  been  prepared  by  the  low  pressure  plasma 
spray  process.  The  coating  was  applied  either  on  a cold  or  a preheated  (81  5'C)  surface  and  the  average 
coating  thickness  was  about  170^lm.Figa.  11  and  12  illustrate  the  microstructure  of  the  different  coatings 
in  the  as  received  condition  (12).  Unmelted  prealloyed  particles,  characterized  by  their  dendritic  structu- 
re, are  embedded  in  the  different  coatings. 

Hot  corrosion  were  performed  on  these  specimens  in  combustion  gases  contaminated  with  sulphur 
(1%)  and  sodium  (5  ppm)  with  codling  to  room  temperature  every  48  hours.  Fig.  13  gives  the  microstru- 
cture of  the  coatings  on  the  different  specimens  after  an  exposure  time  of  1000  hours  and  2000  hours  at 
950'C.  In  all  cases  no  complete  corrosion  and  no  penetration  in  the  substrate  material  were  observed. 

A few  plasma-spraying  tests  were  also  performed  with  the  argon  atomized  S-57  powders  on  actual 
gas  turbine  parts.  The  coated  components  are  being  tested  under  service  conditions. 

It  is  worth  mentioning  that  the  S 57  alloy  can  also  be  processed  into  sheet  or  wire  form.  Thick- 
nesses and  diameters  down  to  0.  25  and  0.  15  mm  respectively  have  been  obtained  On  a laboratory  scale. 

Fig.  14  shows  the  temperature  dependence  of  the  tensile  properties  of  hot-rolled  S-57  sheet  material  (10). 

TIG-welding  tests  without  filler  metal  or  preheating  of  the  hot  rolled  sheets  have  shown  that  homo- 
geneous and  sound  welds  can  be  obtained  provided  the  weld  root  is  properly  shielded  with  the  protective 
gas,  preferably  argon.  The  welded  material  retains  an  ultimate  tensile  strength  of  765  MN/m^,  i.e. 
about  80%  of  the  strength  of  the  hot  rolled  material. 

The  S 57  sheet  material  may  be  used  to  make  coatings  by  various  techniques  such  as  explosive 
welding,  cladding,  hot  isostatic  gas  pressure  bonding,  or  sputtering.  Prelimineray  experiments  have 
shown  that  sputtered  S 57  deposits  are  characterized  by  a homogeneous  distribution  of  the  alloying  ele- 
ments, including  yttrium  and  tantalum,  as  opposed  to  the  as-cast  or  wrought  material  (13). 

3.  3.  Optimization  of  the  hot  corrosion  resistant  alloy  S-57 

Protective  coating  applications,  in  particular  for  coatings  produced  by  plasma  spraying,  do  not 
necessarily  require  powders  of  alloys  of  such  high  formability  as  S 57. 

Therefore  an  optimization  of  the  S 57  composition  has  been  undertaken  aiming  at  increasing  further  its 
hot  corrosion  resistance  at  the  least  expense  of  its  formability.  Several  cast  experimental  grades  derived 
from  the  S 57  composition  by  modifying  the  Ta  and  A1  contents  were  prepared  and  tested  under  hot  corro- 
sion conditions  (Table  II). 

Some  of  the  10%A1  alloys  pppear  very  brittle  and  were  heavily  cracked  during  cooling  after  casting. 
Specimens  of  25  x 25  x 5 mm^  were  prepared  by  electrospark  machining  and  tested  under  cyclic  hot  corro- 
sion conditions  at  870°C  and  950‘C  in  combustion  gases  contaminated  with  sulphur  and  alkali  salts. 

The  sulphur  content  of  the  fuel  was  adjusted  to  1%  by  addition  of  carbon  sulphide  and  the  amount  of  sodium 
was  5 ppm  of  the  total  air  consumed.  Fig.  1 5 gives  the  decrease  in  thickness  observed  on  the  different 
alloys  after  exposure  of  about  2000  h at  950*C.  These  results  confirm  the  good  behaviour  of  the  S 57 
alloy  and  show  that  the  highest  corrosion  resistance  is  exhibited  by  the  S 67  grade  containing  25%Cr,  10%A1, 
10%Ta,  10%Ni  and  0.  5%Y.  On  the  other  hand,  the  tantalum-free  (S  65)  and  aluminium-free  (S  66)  alloys 
exhibit  the  largest  decrease  in  tlickness. 

It  must  be  pointed  out  that  the  observed  improvement  of  hot  corrosion  resistance  over  the  basic 
S 57  alloy  was  achieved  at  a large  expense  of  the  material's  ductility  due  to  the  increase  in  A1  and  Ta  con- 
tents. This  factor  is  to  be  kept  in  mind  for  coating  applications,  even  by  plasma-spraying,  since  the  me- 
chanical behaviour  of  the  coating  depends  on  the  sprayed  material's  ductility. 

The  alloys  with  intermediate  composition  in  A1  and  Ta,  between  S 57  and  S 67  present  a poor  machi- 
nability  but  no  cracks  appeared  after  casting  (alloys  S 69  to  S 78), 

For  these  alloys  the  cyclic  hot  corrosion  tests  were  performed  at  950*C  and  870°C  in  combustion 
gases  heavily  contaminated  with  sulphur  (1  %S)  and  alkali  salt  (100  ppm  Na),Figs.  16  A-B  give  respectively 
the  average  and  maximum  decrease  in  thickness  for  the  different  alloys  after  exposure  of  about  2000 
hours  at  950*C. 

All  the  alloys  containing  at  least  5%A1  present  the  best  behaviour.  The  effect  of  tantalum  on  the  hot 
corrosion  resistance  is  less  marked.  However,  a slight  improvement  of  the  hot  corrosion  resistance  is 
observed  by  increasing  the  tantalum  content  from  5%  to  7%  or  10%,  Among  the  alloys  which  showed  the 
best  hot  corrosion  resistance,  it  seems  that  the  alloys  containing  5%Ta-S%Al  (S  76)  or  5%Ta-7%Al  (S  77) 
present  the  bast  compromise  between  ductility  and  hot  corrosion  resistance. 

3,  CONCLUSION. 

Co-Ni  base  overlay  coatings  were  shown  to  provide  adequate  answer  to  the  oxidation  and  corrosion 
problems  in  high  performance  gas  turbines.  Their  content  in  Cr,  Al,  Ni  and  Ta  can  be  optimized  as  a 
function  of  ductility  requirements  or  coating  process.  Among  the  latter.physical  vapour  deposition  and 
piasma  spraying  are  likely  to  become  increasingly  Important  in  coating  technology. 
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TABLE  I - Isothermal  oxidation  details  (8) 


Alloy  Temp  {*C)  Time  (hrs)  Weight  gain  (mg/cm^) 


Co-20Cr-6Al-2Y-O,- 

950 

0.0490!*! 

0. 1874'*^ 

C J 

1100 

51 

1100 

59 

4.3390 

1100 

63 

2. 3370 

Co-20Cr-6Al-10W-2Y,0, 

1100 

51 

3.2800 

2 3 

1100 

52 

0.  5720, .. 

0.1195'  ^ 

1100 

65 

1200 

52 

4.0360 

1200 

102 

-1.  1071 

Co-20Cr-6Al-10Ta-2Y2Oj 

1100 

92 

-0.0491 

Co-20Cr-6AI-l  0Ta-2Y2Oj 

1100 

112 

-0.9530 

Co-20Cr-6Al-0.  5C-2Y2OJ 

1100 

103 

0. 0001 

Co-20Cr-6Al-2Y,O, 

1100 

69 

0.4165 

2 3 

1200 

72 

-1. 5307 

X 4C 

Co-2  5Cr-10Ni-7.5W-l.  5Fe- 
0.  5Mn-0.  5Si-0.  5C 

1100 

98 

386.780 

1200 

47 

WI52 

Co-21Cr-lNi-IIW-2Nb-2Fe- 
0.  5Mn-0.  5Si-0.  45C 

1100 

49 

-20.  8990 

Haynes  1002 

Co-22Cr-16Ni-7W-.1.7Ta- 

1.  5Fe-0.7Mn-0.4Si-0.2Ti- 
0.  3A1-0.  6C-0.  04La 

1100 

97 

1.6136 

S 57^**) 

1200 

68 

-15.  5745 

1100 

100 

0.3400 

Co-25Cr-10Ni-5TA-3Al-0.  5Y 

1100 

138 

0.3675 

1200 

121 

0.0287 

(i)  specimens  preoxidized  in  impure  hydrogen,  18h,  1050*C 

(*5k)  Alloy  hot  rolled  to  1.75  mm,  cold  rolled  to  V mm;  with  intermediate  anneals,  used  in  cold  rolled, 
and  pickled  and  polished  condition. 


TABLE  n - Nominal  composition  of  experimental  alloys 


Co 

Cr 

A1 

Y 

Ta 

Ni 

S 65 

bal 

25 

10 

0.  5 

10 

S 66 

bal 

25 

. 

0.  5 

10 

10 

S 67 

bal 

25 

10 

0.  5 

10 

10 

S 68 

bal 

25 

10 

. 

- 

10 

S 69 

bal 

25 

3 

0.  5 

7 

10 

S 70 

bal 

25 

3 

0.  5 

10 

10 

S 71 

bal 

25 

5 

0.  5 

7 

10 

S 72 

bal 

25 

5 

0.  5 

10 

10 

S 73 

bal 

25 

7 

0.  5 

7 

10 

S 74 

bal 

25 

7 

0.  5 

10 

10 

S 75 

bal 

25 

10 

0.  5 

7 

10 

S 76 

bal 

25 

5 

0.  5 

5 

10 

S 77 

bal 

25 

7 

0.  5 

5 

10 

S 78 

bal 

25 

7 

0.  5 

5 

10 

M to  IQO  120  140 

Ttmt  Ihl 


Oxidation  of  S-67  and  cur  rent-cobalt-base  superalloys 
in  still  air  at  1095*C.  Data  on  the  commercial  super- 
alloys from  (7) 


furl  « 1*^  S * S ppm  NaCI 


^nciialion  O 
k>ts  ■ 


I bX  IM  O MAR  M 
4|N  Mn  4(: 


Hot-corrosion  resistaThce  of  S-S7  alloy  and  of  commer- 
cial nickel-and  cobalt-base  alloys.  lOOC-nour  exposures 
at  9S0*C  in  combustion  gases  contaminated  with  sulphur 
(1%)  and  sodium  (Sppm),  with  cooling  to  room  tempera- 
ture every  48  hours  (6) 


Fig.  7.  Scanning-electron  micrographs  of  S-57  prealloyed 
powders  (x  400) 

(a)  water-atomized  (37-88 (^m) 

(b)  water-atomized  ( ^37/^m) 

(c)  Coldstream  (37-88 Aim) 


Fig.  8.  Optical  microstructurc  of  water-atomized  S 57 
powder  (x  400). 
a : 3 7-88  yU  m 
b : <37  yUm 


X 4000 


Fig. 9 . Morphology  of  argon  atomized  S-57  powders 


' -VJ 

Vi;-  ^ ^ 

m0 

: '^r>y 

FHg.10.  Frequency-size  distribution  of  the  screened  37-88^ 
water  atomized  S 57  powders 


Specimen  C - LPPS  process-preheated  material 


Microstructure  of  the  S 57  coating  on  stainless  steel  substrate. (12) 
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SUMMARY 

The  development  of  gas  turbine  engines  has  been  keyed  primarily  to  increases  in  thrust-to-weight  ratio  and  to  greater  demands 
for  structural  durability.  In  fewer  than  20  years,  the  thrust-to-weight  ratio  of  turbine  engines  has  doubled,  as  demonstrated  by  the  FIOO- 
PW-100  engine  compared  to  the  J7S.  In  this  same  period,  the  required  design  life  for  turbine  engines  increased  by  a factor  of  40,  as 
demonstrated  by  changes  in  the  Government  Turbine  Engine  Military  Design  Specification  (MIL-E-S007)  for  the  period.  Also,  a new 
engine  life  parameter,  low  cycle  fatigue,  was  recognized.  This  new  parameter,  results  from  stress  variations  in  the  engine  hardware 
during  thrust  level  excursions  and  is  now  included  in  the  latest  engine  Military  Specification  (MIL-E-5007D) . Both  the  increased 
thrust-to-weight  and  life  requirements  were  successfully  accomplished  by  effective  implementation  of  improvements  in  structural 
analysis  techniques,  increases  in  aerodynamic  performance,  utilization  of  higher  strength  materials  and  reductions  in  component 
allowable  stress  margins. 

Unfortunately,  the  high  strength  material  and  reduced  stress  margins,  which  were  required  to  realize  the  low  engine  weight  and 
which  allowed  achievement  of  this  thrust-to-weight  improvement,  make  the  modem  turbine  engine  more  susceptible  to  structural 
distress  and  high  development  cost  than  its  predecessors.  Since  current  projections  of  propulsion  systems  for  the  next  decade  show  a 
continuing  trend  of  increases  in  thrust-to-weight  ratio  and  required  durability,  highly  sophisticated  structural  design  and  verification 
techniques  are  being  developed  to  insure  that  the  risk  of  structural  distress  and  “high-costs”  during  development  and  after  deployment 
are  minimized. 

The  techniques  that  are  being  developed  (Ref.  1)  to  insure  attainment  of  this  minimum  risk  concept  include  both  implementation 
of  economical  computerized  structural  analysis  techniques,  which  are  highly  automated  to  reduce  design  iteration  time,  end 
implementation  of  a time-phased  development  methodology,  which  will  insure  elimination  of  inadequate  structural  and  material 
concepts  at  the  lowest  possible  level  of  the  development  process. 

These  techniques  will  be  of  prime  importance  in  the  design  and  development  of  turbines  for  future  propulsion  systems.  In  the 
past,  the  hot  environment  and  high  strength  materials  utilized  in  the  turbine  section  of  these  high  performance  propulsion  systems  have 
established  the  turbine  as  the  prime  structural  distress  area.  Since  the  projected  characreristics  of  future  high  performance  turbines 
continue  to  show  substantial  increases  in  wheel  speed,  stage  loading  and  combustor  exit  temperature,  the  turbine  is  assured  of 
maintaining  its  established  position.  Thus,  the  techniques  being  developed  to  ensure  minimum  risk  for  structural  distress  will  have  a 
primary  application  in  the  turbine  section. 

The  following  discuaeion  presents  a review  of  the  moet  significant  design  parameters  affecting  turbine  durability,  and  the 
structural  analysis  and  verification  techniques  which  are  being  developed  for  identification  of  structural  inadequacies  early  in  the 
propulsion  system  development  cycle. 


UST  OF  SYMBOLS 


APSI 

- Advanced  Propulsion  Subsystem  Integration 

ATEGG 

- Advanced  Turbine  Engine  Gas  Generator 

IFR 

- Initial  Flight  Release 

FFR 

- Full  Flight  Release 

ISR 

- Initial  ^rvice  Release 

OCR 

- Operational  Capability  Release 

JTDE 

- Joint  Technology  Demonstrator  Engine 

2-D 

- Two-dimensional 

3-D 

- Three-dimensional 

Mil. 

- Military 

A/B 

- Afterburner 

PP 

- Part  power 

Max 

- Maximum 

DS 

- Directional  solidifiad 

psi 

- Pounds-per-square-inch 

ksi 

■ Thousand-pounds-per-aquare-inch 

BIE 

- Boundary  integral  aquations 

No. 

■ Number 

AMT 

- Accelerated  mission  tast 

deg 

- degrees 

LCF 

• Low  Cycle  Fatigue 

HFF 

- High  Frequency  Fatigue 
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AK,n  - Threshhold  stress  intensity 

FM^  - Failure  Mode  and  Effect  Analysis 

B/H  - Bolthole 

Kic  Threshold  stress  intensity  factor 


INTRODUCTION 

The  criteria  for  structural  design  of  turbines  for  propulsion  systems  prior  to  a decade  ago  were  primarily  a direct  function  of 
total  time  spent  at  long-time  cruise  conditions  and  the  total  number  of  throttle  excursion  from  idle-to-maximum  power  and  back 
to  idle.  The  take-off  and  climb  time  defined  the  creep  growth  and  coating  erosion  requirements,  and  the  throttle  excursions  defined 
the  cyclic  life  requirements  (low  cycle  fatigue,  LCF).  Blade  and  vane  vibration  analysis  considered  blade-alone  natural  frequencies, 
with  disk  coupling  effects  estimated  in  later  designs,  to  prevent  integral  order-resonances  within  the  engine  operating  range.  Airfoil 
dampers  were  effectively  utilized  to  maintain  non-integral  order  excitation,  from  combustion  process  vibratory  forces,  within  the 
materials  endurance  limit.  Airfoil  tip-to-case  and  interstage  seal  clearances  were  primarily  a function  of  the  dimensional  stability 
(creep  growth)  of  the  parts  within  a particular  stage.  Overall  system  effects  on  these  clearances  (such  as  compressor  shaft  deflection 
under  surge  conditions)  were  insignificant,  and  were  not  considered  in  the  design. 

In  today’s  propulsion  system,  the  turbine  designer  is  confronted  with  a complex  interactive  structural  design  task.  The  high 
thrust-to-weight  configurations  utilize  high  strength  and  low  toughness  materials,  complex  airfoil  cooling  schemes  and  a flexible 
rotor  and  rotor  support  structure.  When  these  structural  configurations  are  coupled  with  the  modem  aircrafts  complex  mission/duty 
cycle  requirements  (and  the  high  performance  turbine  characteristics  of  high  stage  loading,  high  wheel  speeds,  and  high  thermal 
environments)  a reliable  life  prediction  becomes  very  difiicult,  time  consuming,  and  expensive  to  achieve.  Furthermore,  the 
lightweight  structural  components  of  today  are  much  more  flexible  than  their  counterparts  in  prior  engines,  and  interactive  effects 
with  mating  parts  have  become  paramount  design  considerations. 

Simultaneous  evaluation  of  the  combined  effects  of  all  design  parameters  has  required  the  development  of  highly  specialized 
automated  computer  analysis  systems.  These  computer  systems  are  especially  tailored  to  accept  structural  configuration  and  load 
environments  typical  of  propulsion  system  hardware.  The  automated  features  allow  an  accurate  evaluation  of  complex  structural 
shapes  subjected  to  multiple  load  points  within  the  mission  profiles.  These  evaluations  can  now  be  accomplished  in  days,  instead 
of  months  as  required  for  past  designs.  Thus,  the  modem  propulsion  system  design  and  development  process  represents  a substantial 
increase  in  analytical  complexity.  Ai  indication  of  the  degree  of  increase  is  readily  illustrated  by  the  comparison  (shown  in  Figure 
1 ) of  the  number  of  mathematical  calculations  required  to  process  a system  from  conception  to  production  release,  in  today's  design, 
compared  to  other  systems  over  the  past  30  years.  In  the  1950's  era,  designs  such  as  the  J43  and  J57  required  2 to  12  million 
calculations,  respectively.  These  calculations  were  primarily  performed  with  manually  operated  desk  calculators  and  no  automated 
computer  solutions  were  used.  Todays  system  requires  4 trillion  calculations  and  they  are  almost  solely  executed  at  remote  terminals 
of  sophisticated  automated  computer  systems.  (It  is  significant  to  note  that  the  calender  time  required  to  implement  a propulsion 
system  has  decreased.) 

This  trend  to  automated  analysis  capability  is  expected  to  continue  to  accelerate  to  meet  the  projected  requirements  of  the 
future  propulsion  systems.  The  turbine  performance  projections  for  the  next  ten  years,  as  shown  in  Figure  2,  show  a continuing  trend 
of  increases  in  design  parameters  which  increase  thrust-to-weight  ratio.  A 25%  increase  in  combustor  exit  temperature  and  a 50% 
decrease  in  turbine  blade  tip  clearance  are  the  more  significant  performance  parameters  which  effect  the  structural  design.  As  for 
durability,  in  todays  ever-increasing  inflationary  economic  environment,  the  cost  of  weapons  system  development  and  ownership  is 
expected  to  place  heavy  demands  on  minimizing  structural  distress  and  extending  fleet  operational  capability.  Thus,  more 
sophisticated  structural  design  and  evaluation  techniques  will  be  required  to  evaluate  the  unique  structural  concepts  and 
operational  conditions  anticipated  for  turbines  of  future  high  performance  propulsion  systems.  Tbe  overall  goals  of  these  techniques 
will  be  to  eliminate  all  potential  structural  distress  prior  to  a weapons  system  deployment. 


AVnttM  AVimjT 

Figure  1.  An  Increated  Number  of  Colculatioiu  are  Required  to  Figure  2.  Projected  Trends  Over  the  Next  Decade  for  Major 
Complete  a Propulsion  System  Design  Compared  to  20  Turbine  Design  Parameters 

Years  Ago 

The  design  process  evolves  through  three  discrete  development  phases.  Exploratory,  Advanced  and  Engineering  development 
as  shown  in  Figure  3.  Each  phase  exercises  configuration  control  and  closed  loop  life  management  concepts  to  ensure  the  optimized 
propulsion  system  is  maintained  after  fleet  deployment  and  the  component  design  life  requirements  ure  validated  by  limited  fleet 
experience,  prior  to  committing  the  sreapons  system  to  full  deployment.  However,  effective  accomplishment  of  the  overall  goals 
requires  both  improvements  in  structural  analysis  prediction  techniques  and  the  development  of  a methodology  to  assure  that 
structural  inadequacies  are  identified  at  the  earliest  passible  development  stage.  This  methodology  will  allow  early  identification  of 
critical  life-limited  parts  of  the  turbine  and  continually  monitor  these  parts  from  engine  conceptions!  stage  through  final  design,  full- 
scale  development,  qualificerion  deployment  and  fleet  management.  A brief  review  of  the  more  important  features  of  the  analysis 
technology  and  the  methodoingy  for  identifying  structural  inadequacies  is  presented  in  the  following  discussion. 
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A.  Structural  Analysis  Technology 

The  primary  structural  technology  advancement  areas  that  are  dictated  by  the  current  trend  of  high  thrust-to-weight,  durable 
engines  (particular  to  the  turbine  section)  can  be  categorized  into  four  areas:  (1)  mission  related  stress  analysis,  (?)  thin  walled 
cooled  blade  life  analysis,  (3)  disk  life  analysis,  (4)  airfoil  tip  clearance  control. 

1.  Mission  Related  Stress  Analysis 

In  contrast  to  prior  turbines,  which  had  to  pass  simple  cyclic  tests  at  long-time  load  conditions,  future  turbines  will  be  required 
to  meet  real-time  mission  loads  for  specific  flight  usage.  The  FlOO-PW-lOO  and  recent  upratings  of  the  TF30  engine  are  probably  the 
first  propulsion  systems  to  be  fully  impacted  by  these  requirements.  Limiting  stress  conditions  are  almost  always  set  by  transient 
engine  acceleration  and  deceleration  speeds,  where  steady  stresses  and  thermal  gradient  stresses  combine  with  high  frequency  flow 
induced  vibratory  stress  to  produce  minimum  structural  margins.  Identification  of  this  limiting  stress  condition  requires  a continual 
tracking  of  the  resultant  stresses  in  each  part  throughout  each  mission  to  be  flown  by  the  aircraft.  Thus,  to  adequately  account  for 
all  design  parameters,  the  stress  and  metal  temperature  predictions  for  turbine  blades,  vanes  and  disks  have  become  very  complex. 


To  obtain  sufficient  accuracy  in  the  predicted  stresses  for  the  local  stress  concentration  areas  of  the  blades,  vanes  and  disks, 
two-dimensional  (2-D)  and,  in  most  cases,  three-dimensional  (3-D)  finite  element  analysis  techniques,  including  nonlinear  eR'ects, 
is  required.  Automated  computer  systems  (Ref.  2)  have  been  generated  to  allow  execution  of  this  analysis  in  a timely  manner.  These 
allow  a practical  application  of  the  analysis  during  an  initial  configuration  selection  effort  for  a part.  Automated  systems,  now 
available  for  alt  critical  turbine  parts,  cover  vibratory  response,  as  well  as  steady  stress  predictions.  A typical  example  of  one  fully- 
automated  design  system  is  the  stress  prediction  for  turbine  airfoils.  Once  an  airfoil  inner  and  outer  shape  is  selected  by  the 
aerodynamic  and  heat  transfer  requirements,  the  stress  analysis  is  initiated  by  a four  card  instruction  routine  to  the  computer.  The 
computer  automatically  accesses  the  aerodynamic  system,  picks  the  airfoil  inner  and  outer  contours,  selects  the  type  of  element  and 
nodal  breakup,  which  varies  from  the  outer  tip  of  the  airfoil  to  the  disk  attachment,  displays  that  selection  on  computer  interactive 
graphics  for  an  engineer  to  review  before  initiating  the  stress  analysis.  On  the  **go’*  signal  it  completes  the  analysis.  A typical  element 
breakup  is  shown  in  Figure  4 for  a hollow  turbine  blade.  This  system  reduces  the  turnaround  time  from  3 weeks  to  one  day  for  a 
complete  airfoil  stress  analysis. 
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Weapons  System 


A similar  system  for  vibratory  mode  shape  and  frequency  prediction  is  shown  in  F*gure  5.  This  system  utilizes  a technique 
called  cyclic  symmetry  to  reduce  the  amount  of  computation  time.  This  technique  allows  elimination  of  all  structure  except  one  pie- 
shaped segment  which  contains  one  blade.  It  then  predicts  the  vibratory  characteristics  of  the  bladed  disk  assembly,  including 
coupling  effects  between  stages. 

The  economical  design  analysis  turnaround  time  achieved  by  these  systems  allows  investigation  of  part  stress  distributions  for 
a multitude  of  mission  related  flight  points.  These  stress  surveys  of  each  design  mission  are  utilized  to  determine  the  fractional  life 
damage  occurance  for  each  mission.  The  resultant  fractional  lives  are  then  added  appropriately  to  reflect  the  aircraft  mission  mix 
for  obtaining  the  total  mission  related  part  life. 

Over  the  past  decade  the  full  impact  of  the  effects  of  this  fractional  life  damage  has  become  apparent.  The  success  of  future 
propulsion  system  design  efforts  will  be  very  dependent  on  accurate  descriptions  of  all  required  operational  missions  early  in  the 
initial  design  effort. 

A review  of  the  increases  in  mission  requirements  that  have  occurred  for  the  TF30  weapon  systems  illustrates  the  importance 
of  the  mission  related  design  parameters.  The  original  versions  of  these  systems  were  designed  to  withstand  the  MIL-E-5007C 
specification  cyclic  and  long  hot  time  conditions.  From  1972,  when  the  first  preoperational  estimates  of  aircraft  flight  cycles  were 
obtained  from  simple  paper  missions,  to  1977,  when  the  aircraft  mission  was  more  established  and  on-board  flight  recording  of  power 
lever  positions  became  available,  the  operational  conditions  and  cyclic  requirements  have  escalated  as  shown  in  Figure  6.  Prior  to 
delivery  of  production  aircraft,  the  primary  mission  planned  for  the  weapons  system  indicated  a need  for  only  two  full  throttle 
excursions  to  maximum  power  per  three  hours  of  flight  time.  In  1974,  after  substantial  flight  experience,  the  primary  mission  became 
better  defined  and  the  throttle  excursions  to  maximum  power  increased  to  10,  with  5 excursions  to  military  power.  By  1977  onboard 
flight  recorder  data  indicated  only  one  excursion  to  maximum  power  but  26  excursions  from  low  power  to  maximum.  Part  of  this 
change  was  attributable  to  a redefinition  of  the  actual  missions  being  flown.  As  more  experience  was  gained  in  actually  flying 
simulated  missions,  improved  flight  profiles  emerged  and  the  intended  use  of  the  weapon  system  matured.  Also,  as  new  threats  arise, 
new  missions  are  added  to  respond  to  these  threats.  Thus,  the  design  requirements  for  the  propulsion  system  requires  constant 
updating  to  assure  realistic  monitoring  of  critical  hardware  part-lives.  This  update  allows  timely  recommendation  of  new  limits  for 
critical  parts,  which  are  essential  for  the  propulsion  system  user  Ic^stics  and  operational  readiness. 
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Figure  5.  Cyclic  Symmetry  Finite  Element  Model  Figure  6.  Throttle  Excursion  vs  Development  Time  for  High  Usage 

Mission  of  a Current  Weapons  System 

Figure  7 presents  a summary  of  the  changes  which  evolved  in  this  instance  of  introducing  this  propulsion  system  into  fleet 
usage.  It  Includes  the  proper  mix  of  different  missions  flown;  such  as,  training,  ferry,  interdiction,  etc.  Of  major  signiflcance  to  the 
tabulated  results  is,  for  each  1000  hours  of  usage,  the  time  spent  at  military  power  more  than  doubled,  full  cycles  increased  by  over 
a factor  of  2,  and  partial  cycles  increased  by  a factor  of  4.  These  changes  required  a significant  design  re-evaluation  and  some 
hardware  modification.  The  automated  design  systems  are  essential  to  keep  pace  with  these  maturity  changes  which  occur  in  a 
weapons  system  development  cycle.  \ 

2.  Thin  Walled  Cooled  Airfoil 

The  complex  cooling  schemes  of  pins,  baffles  holes  and  slots,  which  are  necessary  to  provide  optimum  cooling  for  the  blades 
and  vanes,  result  in  many  inherent  local  stress  concentrations  requiring  structural  evaluation.  Each  of  these  areas  becomes  a 
potential  location  for  the  initiation  of  a crack.  Furthermore,  these  thin  walled  configurations  are  more  sensitive  to  environmental 
temperature  changes  and  stage  pressure  loading.  Fast  changes  in  environmental  temperatures  result  in  high  thermal  gradients 
between  the  fast  responding  thin  sections  and  the  slower  responding  platform  and  thick  attachment  sections.  The  high  stage  pressure 
loading  makes  the  designs  more  susceptible  to  blade/vane  deflection  and  interstage  metal  contact  under  off  design  loads,  such  as 
surges.  The  brittle  coatings,  utilized  on  the  airfoils  to  provide  erosion  protection,  degrade  the  life  of  the  base  airfoil  material  due  to 
microscopic  cracks  in  the  coating. 

The  basic  stress  analysis  technique  used  for  these  airfoil  designs  evaluates  the  stress  concentration  areas,  thermal  stresses, 
stage  loading  and  vibratory  frequency,  and  mode  shapes  for  both  blades  and  vanes.  In  prior  turbines,  the  design  analysis  stopped 
with  this  static  and  vibratory  analysis.  However,  recent  and  all  future  turbines  will  require  an  evaluation  of  crack  tolerance  and 
production  tolerance  effects  on  blade  frequency. 

Blade  fatigue  crack  growth  behavior  is  now  predictable  using  advanced  fracture  mechanics  techniques  (Ref.  3).  These 
predictions  include  variables  such  as,  LCF-HFF  interaction,  temperature  and  mechanical  load  profile  changes,  and  localized 
geometry  influences.  Crack  growth  behavior  for  cracks  originating  from  impingement  holes  in  the  case  of  showerhead  airfoil  designs, 
can  also  be  treated.  Failure  is  established  as  the  linkup  of  two  colinear  cracks  growing  between  adjacent  holes.  Crack  growth  material 
characteristics  for  airfoils,  under  simulated  airfoil  thermal-fatigue  loading,  is  usually  obtained  by  subscale  specimen  testing. 
However  for  complex  grain-structured,  thin  walled,  coated  airfoils  like  those  shown  in  Figure  8,  the  primary  test  specimen  is  the 
actual  blade  or  vane.  The  metallurgical  micro-structure  in  the  airfoils  is  unique  to  the  part  fabrication  process  and  is  not 
reproducible  in  the  specimen  shape  which  is  required  for  crack  growth  measurements.  Thus,  correlations  between  the  specimen  test 
results  and  actual  airfoil  failure  data  are  required  to  provide  allowable  cyclic  stress  design  curves.  Once  these  properties  are 
characterized  over  the  stress  and  temperature  range  expected,  they  can  be  utilized  to  estimate  the  part  life  under  the  actual  engine 
stress  and  temperature  environment.  The  usual  fracture  mechanics  stress  intensity  relationships  are  converted  to  strain  intensity 
terms  for  correlating  airfoil  strain  with  specimen  crack  growth  data. 
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Figure  7.  Typical  Aircraft  Mission  Profile  Summary 


Figure  8.  Turbine  Airfoil  Casting  Material  Trends 
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The  trend  in  airfoil  Bhapes  has  been  toward  low  aspect  ratio,  long  chord  designs  to  minimize  the  number  of  airfoils-per-stage. 
This  trend  has  resulted  in  the  first  natural  bending  frequency  of  the  blade  being  very  close  to  the  overall  bladed/disk  coupled  mode 
frequency,  as  shown  in  Figure  9.  This  condition  results  in  a very  high  blade  vibratory  response  in  the  most  closely  coupled  blade  of 
the  stage.  This  condition  is  usually  referred  to  as  the  tuned  absorber  or  mistuning  effect.  To  alleviate  this  potential  failure  mode, 
future  turbines  will  require  efficient  vibratory  damper  systems  or  the  exercise  of  close  control  of  blade  manufacturing  tolerances  to 
ensure  that  blade  frequencies  do  not  occur  close  to  the  coupled  frequency . In  either  case,  it  requires  substantial  improvement  in  our 
capability  to  predict  individual  blade  responses  when  the  blade  is  coupled  with  a disk  system  and  forced  by  main  stream  flow  wakes. 
A schematic  of  this  mistuning  prediction  system  is  shown  in  Figure  10. 

The  system  basically  utilizes  a Monte  Carlo  technique  to  combine  blade  manufacturing  (shape)  tolerances  with  nonuniform 
airfoil  damping  to  predict  the  degree  of  mistuning  in  a given  wheel  design. 


Degree  of  Mistuning 


AV  111821 

Figured.  Comparison  of  Coupled  Bladed  Disk  Frequency  and  Blade  Figure  10.  Statistical  Analysis  of  Resonant  Stresses  in  Mistuned 
Alone  Frequency  for  Old  and  and  New  Turbine  Designs  Rotors 


3.  Disk  Life  Analysis 

In  the  past,  low  to  medium  strength  turbine  disks  operating  in,  or  near,  the  creep  region  were  tolerant  to  local  yielding  and 
stress  redistribution  in  the  local  notched  regions;  such  as,  snap  comers,  cooling  holes  and  boltholes.  Conventional  notch  theories  were 
utilized  to  adequately  predict  the  life  of  the  part.  However,  the  increased  strength  disk  material  and  reduced  operating  stress 
mai^ns,  which  allowed  attachment  of  the  light-weight  modem  turbine  designs,  have  made  these  components  more  sensitive  to 
design  tolerances,  undetectable  internal  material  defects,  engine  operational  variations,  and  manufacturing  tolerances.  As  shown  in 
Figure  11,  typical  turbine  disk  nominal  operational  stresses  have  increased  from  70,(X)0  psi  in  1960  to  120,000  psi  in  1977.  This 
increase  resulted  in  the  stress  margin,  relative  to  the  ultimate  strength  of  the  material,  of  35%  as  compared  to  50%  for  engines  of  a 
decade  ago. 

Under  the  high  stress  and  high  temperature  environment  of  the  high  performance  turbines,  the  high  strength  alloys  exhibit 
localized  microscopic  grain  boundary  fracture  instead  of  redistribution  when  the  surface  stress  yield  allowables  are  exceeded. 
Conventional  notch  theory  is  not  sufficient  to  characterize  this  local  fracture  condition. 

Modem  turbine  development  programs  have  initiated  development  of  analysis  techniques  to  predict  these  fractures  and  to 
evaluate  their  effect  on  component  life.  (Ref.  3,  6).  However,  future  lightweight  designs  will  need  improved,  faster  turnaround 
prediction  methods  to  insure  application  of  these  techniques  during  the  initial  design  stage.  These  techniques  require  an  accurate 
prediction  of  the  local  strain  distribution  in  the  part.  To  obtain  sufficient  accuracy,  either  2-D  or  3-D  finite  element,  or  boundary 
integral  equation  (BIE)  methods  are  required.  A typical  example  of  a 3-D  element  breakup  required  for  a typical  disk  rim  with  a 
radial  cooling  hole  is  shown  in  Figure  12.  Definition  of  the  surface  elements  for  preliminary  analysis  is  a simple  task.  Selection  of 
element  shapes  and  defining  connecting  points  into  the  depths  of  this  complex  shape  such  as  a local  hole  in  disk  run  is  impossible 
for  any  practical  application  of  an  analysis  of  this  type.  Figure  12  shows  an  example  of  the  breakup  required  for  a rim  hole.  This 
analysis  is  conducted  by  modeling  only  a local  area  of  the  hole  and  applying  boundary  conditions  to  the  exterior  modes  as  determined 
from  the  preliminary  analysis  model.  Automated  systems,  which  accomplish  this  task  froui  simple  outside  contour  input,  are 
required  if  these  techniques  are  to  be  applied  effectively  during  a design.  Crack  initiation  and  propagation  characteristics  are  then 
possible  and  are  accomplished  to  establish  the  fatigue  capability  of  the  particular  geometry. 


Figure  IJ.  Nominal  Disk  Stress  Increase  Over  the  Fast  Decade  Figure  12.  Typical  Element  Break-Up  for  a Turhirie  Disk  Rim  With 

a Radial  Cooling  Hole  Feature 
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Most  turbine  disks  have  local  notch  areas  in  the  creep  region  of  the  disk.  Nonlinear  finite  element  methods  are  used  for  these 
conditions.  Creep  laws  of  time  hardening  and  strain  hardening  rules  are  used  for  the  creep  rate  calculation.  The  method  used  to 
apply  uniaxial  creep  data  to  evaluate  the  creep  increment  under  multiple  stress  excursions  is  essentially  identical  to  the  plastic 
strain  increment  in  the  plasticity  theory.  The  predominate  life  of  these  alloys  is  found  in  crack  initiation  and  crack  growth  up  to 
inspectable  crack  sixes  of  approximately  1/32  inch.  Life  exhibited  beyond  the  sizes  are  usually  very  small,  due  to  a higher  crack 
growth  rate  of  the  high  strength  alloys  as  compared  to  that  of  prior  medium  strength  alloyB. 

Techniques  have  been  developed  to  predict  crack  propagation  life  after  the  inspectable  size  and  these  techniques  are  in  various 
stages  of  verification  and  calibration  for  implementation  into  design  systems.  One  example  verification  test  disk  is  shown  in  Figure 
13.  This  disk  was  cyclically  spun  to  failure  in  a spin  pit.  Failure  occurred  after  25,000  cycles  from  a crack  initiated  at  a bolt  hole. 
The  crack  propagated  from  the  corner  of  the  hole,  through  the  disk  to  the  opposite  side,  then  radially  through  the  disk  web  until 
rupture,  as  illustrated  in  the  figure.  The  predicted  life  included  K variation,  stress  variation  across  the  bolt  hole,  crack  size  changes, 
and  crack  path  hardware  thickness  changes.  The  test  cyclic  life,  as  shown  in  Figure  14,  agreed  with  the  predicted  life,  within  10%. 


Figure  13.  Verification  Test  Diek  Cyclic  Failure  Crack  Area 


Figure  14.  Agreement  Between  Prediction  and  Test  for  the  Disk 
Test  Shown  in  Figure  13 


Advanced  numerical  methods  and  computer  systems  such  as  NASTRAN  and  MARC  are  used  to  determine  local  crack  tip 
stress  intensity  relations.  Crack  tip  singularity  methods  such  as  those  developed  by  Baisoum  (Ref.  4)  are  contained  in  these  program 
capabilities.  However,  automated,  economical  design  systems,  which  include  improved  crack  propagation  models  that  include  life 
below  the  1/32  inch  type,  are  required  to  fully  impact  future  designs. 

4.  Airfoil  Tip  Clearance  Control 

The  lightweight  design  concepts,  which  have  evolved  from  the  trend  towards  higher  thrust-to-weight  ratios,  has  probably 
caused  more  change  in  the  design  activity  for  controlling  the  dynamic  characteristics  of  the  rotating  portion  of  the  propulsion  system, 
than  any  other  aspect  of  the  design  process.  The  weight  reductions  imposed  on  the  propulsion  system  have  made  the  rotor  and  the 
static  support  structure  much  more  flexibile  than  for  previous  systems.  This  inherent  flexibility  causes  the  rotor  and  case 
longitudinal  bending  modes  to  couple  together  and  occur  within  the  engine  speed  range.  The  engine  response,  or  “shake,"  at  these 
low  frequency  coupled  modes  is  usually  controlled  by  oil  Him  dampers  at  the  bearing  locations.  Normally,  the  rotor  system 
characteristics  are  of  no  concern  for  the  turbine  designer.  However,  with  high  thrust-to-weight  ratio  concepts,  a requirement  for  very 
close  radial  clearances  at  the  turbine  blade  tip  and  interstage  seals  was  included  for  performance  improvement.  These  clearances 
in  prior  engines  were  primarily  a function  of  the  thermal  and  radial  growth  of  components  within  each  stage.  In  the  flexible,  light- 
weight modem  designs  these  clearances  are  a function  of  the  overall  system  dynamic  response.  Rotors  are  usually  thought  of  as  being 
round  and  straight  but  today  they  are  dynamic  systems  that  are  deflected  as  they  rotate,  as  shown  in  Figure  15.  Cases  exhibit  similar 
deflections  but  have  an  additional  radial  degree  of  freedom.  Under  normal  operation,  the  effects  of  these  deflections  are  usually  well 
within  the  running  clearances.  But  under  abnormal  operation,  such  as  compressor  surge,  the  relative  case-to-blade  tip  clearance 
change  usually  defines  the  propulsion  systems'  required  design  running  clearances.  These  resultant  clearances  set  the  maximum 
performance  capability  of  the  turbine.  Therefore,  today’s  turbine  design  must  be  an  integral  part  of  the  overall  rotor  system  design 
effort.  A typical  schematic  of  the  analytical  model  used  to  represent  a propulsion  system  for  a response  analysis  is  shown  in  Figure 
16.  It  includes  all  masses,  springrates  and  damping  features  of  the  total  system,  including  the  airframe  mount  springrate  and 
damping.  Resultant  deflected  shapes,  as  shown  in  Figure  17,  are  utilized  to  evaluate  turbine  clearance  changes. 


Figure  16.  Engine  Rotors  are  Thought  of  at  Round  and  Straight 
(View  a)  but  They  are  Actually  Deflected  at  Shown  in 
(View  b)  tation  Areat  in  the  Engine 
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Figure  27.  Typical  Rotor  and  Case  Deflection  Modes 


Control  of  these  clearances  in  future  propulsion  systems  will  be  even  more  demanding.  Performance  projections  for  these 
systems  require  a 50%  reduction  in  clearances  relative  to  todays  designs,  as  previously  shown  in  Figure  18.  More  effective  rotor 
response  dampers  and  development  of  structural  concepts  which  are  "stiff’  and  insensitive  to  transient  rotor  forces  will  be  required. 
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Figure  18.  The  Engineering  Development  Phase  Block  Diagram  for 
the  Propulsion  Development  Process  Showing  Pertinent 
Structural  Audit  Points 


B.  Methodology  For  Structural  Development  of  Advanced  Turbine  Components 

The  methodology  for  integration  of  advanced  structural  and  material  concepts  into  advanced  turbine  engines  attempts  to 
eliminate  structural  risks  at  the  lowest  possible  development  level.  In  this  approach  a systematic  time-phased  development  plan  is 
employed  to  ensure  that  a particular  concept  progresses  systematically,  in  stages  of  increasing  complexity,  from  conception  of  the 
idea  to  maturity  (deployment).  At  each  stage,  the  concept  must  successfully  demonstrate  the  structural  margins  required  for  a high 
confidence  that  the  next  higher  development  stage  will  be  successful,  and  that  the  ultimate  goals  can  be  attained.  If  the  basic 
development  model  provided  by  this  method  was  completely  implemented,  it  could  theoretically  provide  a no  risk  development 
program;  however,  the  actual  degree  of  compliance  with  the  basic  model  will  in  reality,  depend  on  funding  and  schedule  constraints 
imposed  by  the  goals  of  each  specific  program.  Thus,  this  model  is  intended  to  provide  a basis  for  identifying  areas  of  noncompliance 
relative  to  the  optimum.  This  information  provides  the  data  required  to  quantitatively  evaluate  the  risk  of  accomplishing  the  overall 
goals  of  the  program  and  identifying  critical  life-limited  parts  which  will  require  formal  monitoring  throughout  the  development 
effort.  This  assessment  is  performed  at  preselected  stages  within  a development  phase.  The  final  assessment  at  the  end  of  the  phase 
would  define  the  risk  of  continuing  the  concept  to  the  next  higher  phase  of  development. 

The  methodology  consists  of  four  fundamental  techniques:  (1)  an  activity  network  which  sequentially  orders  the  significant 
technical  tasks  within  a development  phase,  (2)  audit  check  points  and  associated  checklists  for  formally  reviewing  and  recording 
technical  status  at  critical  design  stages,  (3)  an  error  band  analysis  method  for  determining  data  accuracy  and  sufficiency,  and  (4) 
a risk  assessment  procedure  to  quantitatively  assess  the  structural  risk  for  a new  concept  in  progressing  to  the  next  higher  stage  of 
development. 

The  methodology  organizes  each  of  the  major  development  phases  (exploratory,  advanced  and  engineering  development)  into 
activity  networks.  Each  activity  network  is  a time-phased  block  diagram  which  represents,  in  sequential  order  from  left  to  right,  the 
significant  technical  effort  or  evaluation  that  should  be  accomplished  prior  to  committing  activity  to  the  next  higher  development 
step  within  each  respective  development  phase,  as  well  as  to  the  next  higher  development  phase.  A typical  activity  network  for  an 
engineering  development  phase  is  shown  in  Figure  18.  There  are  four  steps  of  development  indicated  for  this  phase,  1)  initial  engine 
design,  2)  aerodynamic  and  structural  rig  tests,  3)  structural  environmental  verification  and  4)  operational  life  verification.  Similar 
networks  are  utilized  in  exploratory  and  advanced  phases. 

At  critical  times  within  this  effort,  such  as  completion  of  initial  design  or  completion  of  major  design  modifications  resulting 
from  test,  audit  blocks  are  specified  on  the  networks  to  indicate  the  optimum  points  for  formal  evaluation  of  the  program  technical 
accomplishment.  Required  modifications  are  identified,  and  the  remaining  activities  are  redirected  for  optimum  program 
advancement.  To  facilitate  the  execution  of  these  audits,  the  methodology  includes  checklists  to  ensure  that  all  required  analyses 
and  test  verifications  are  identified,  and  the  acceptability  of  the  results  are  compared  to  a specified  experience  based  criteria.  An 
error  band  analysis  procedure  is  provided  to  ensure  that  proper  consideration  is  given  to  the  accuracy  of  each  analysis  and  test.  All 
tolerances  affecting  the  results  are  considered  in  this  analysis.  These  tolerances  are  statistically  evaluated  to  determine  the  probable 
inaccuracy  in  the  results  and  the  probability  of  meeting  the  criteria.  A statistical  risk  assessment  method  is  provided  to  aid  in 
quantitatively  assessing  all  results  with  their  respective  error  potential.  This  assessment  method  is  fundamentally  an  opinion  poll. 
It  utilizes  qualified  engineers,  from  the  particular  development  field,  to  evaluate  the  technical  maturity  of  the  program  and  to 
identify  the  risk  of  not  being  able  to  meet  the  program  goals.  This  method  is  baaed  on  a technique  recommended  by  the  United 
States  Air  Force  Academy  (Ref.  2). 
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A discussion  of  the  activities  which  eiist  in  each  of  the  four  development  steps,  for  a typical  blade  development  effort,  in  the 
engineerinff  phase  follows.  Although  not  specifically  addressed  in  this  discussion,  the  same  type  of  activities,  audits,  and  checklists 
are  used  for  both  exploratory  and  advanced  development  phases. 

Steps  in  Engineering  Development 

Step  No.  1 — Initial  Engine  Design 

The  basic  structural  configuration  for  a blade  is  determined  in  this  step.  The  block  diagram  in  Figure  19  highlights  the 
sequential  activities  which  are  significant  for  this  effort. 

The  design  duty  cycle  description,  life  and  maintenance  requirements,  along  with  component  performance  data  for  the 
optimum  engine  configuration,  establish  a design  information  base.  This  base  also  includes  definition  of  design  techniques  based  on 
previous  experience,  and  an  identification  of  component  and  material  technologies  that  are  ready  for  advancement  from  Advanced 
Development.  With  knowledge  of  previous  development  experience  and  specific  design  requirements,  the  structural  design  criteria 
are  also  developed. 

With  this  design  information  base  and  material  characterization  data,  the  design  and  analysis  of  an  initial  engine  configuration 
is  accomplished.  The  resultant  configuration  is  based  primarily  on  analytical  stress,  internal  flow,  heat  transfer  and  aerodynamic 
computer  simulations.  Some  subcomponent  testing  may  be  required  in  this  step  to  optimize  particular  details  or  processes  for  the 
specific  configuration.  Also,  during  this  period  special  attention  is  given  to  those  parts  which,  based  on  analysis,  are  projected  to  be 
critical  in  the  remainder  of  the  development  effort.  Critical  parts  are  identified  as,  either  those  parts  which  have  minimum  structural 
margins  and  would  cause  major  program  delays  (if  proven  to  be  inadequate  in  the  future),  or  those  particular  hardware 
configurations  that  historical  experience  shows  to  be  problem  prone.  These  critical  parts  should  receive  a detailed  analysis  review 
and  verification  testing  in  an  environment  that  as  closely  as  possible  simulates  actual  engine  conditions.  Possible  alternative 
configurations  for  these  parts  should  also  be  evaluated  for  future  use,  in  case  the  primary  selection  proves  undesirable. 

Based  on  this  initial  design  and  subcomponent  testing,  design  modifications  are  made  and  retested,  if  required,  for  improved 
confidence.  It  should  be  noted  that  ihe  number  of  design  and  test  iterations  throughout  development  must  be  preplanned  in  order 
to  define  a program  cost  and  schedule.  Iterations  beyond  the  planned  number  are  not  to  be  accomplished  without  modifying 
downstream  activities  to  remain  within  the  planned  budget  and  schedule.  Normally,  this  should  only  be  done  during  a program 
audit  where  a risk  assessment  of  alternate  strategies  can  be  effectively  performed. 

A system  failure  mode  and  effects  analysis  (FMEA)  will  be  initiated  in  this  step  and  updated  in  subsequent  development  stages 
to  reflect  the  latest  configuration  and  design  data.  The  FMEA  identifies  significant  and  critical  failure  modes  and  the  design  action 
that  will  reduce  risk  of  failure  or  provide  control  of  undesirable  effects  on  mission  capability  and  safety  of  flight.  Initially,  historical 
data  derived  from  previous  engine  development  programs  and  service  experience  are  used  to  define  possible  modes  of  failure  and 
associated  consequences.  As  detailed  design  data  becomes  available,  specific  failure  modes  and  probabilities  of  occurrence  can  be 
defined  and  evaluated.  (Coupled  with  FMEIA,  fault-tree  analyses  can  also  be  conducted  for  inflight  shutdown  and  engine  fire. 

The  first  structural  audit  is  conducted  prior  to  proceeding  with  aerodynamic  and  structural  rig  testa.  Since  the  engine  design 
at  this  point  is  based  primarily  on  unverified  analyses,  the  main  purpose  of  this  audit  is  to  assess  the  risk  that  the  analyses  can  be 
verified  in  the  scheduled  activities.  However,  if  design  problems  can  be  identified  with  confidence,  the  risk  of  solving  them  later  in 
development  should  also  be  assessed.  It  should  be  realized  at  this  audit  that  if  the  risk  of  continuing  with  the  existing  program  is 
considered  too  great,  alternative  strategies  must  be  developed  and  evaluated.  Historically,  there  has  always  been  a great  reluctance 
at  this  early  development  stage  to  change  a program  direction  drastically.  However,  if  the  quantified  risk  assessment  procedure 
shows  a minor  change  will  significantly  improve  the  probability  of  success,  then  serious  consideration  should  be  given  to  modifying 
the  program  accordingly. 

Step  2 — Aerodynamic  and  Structural  Rig  Tests 

Proceeding  to  this  step  indicates  that  the  structural  design  has  been  judged  to  be  sufficiently  sound  to  permit  design  and 
procurement  of  full-scale  rig  hardware.  There  are  two  sequential  series  of  rig  tests  in  this  step,  as  shown  in  Figure  20.  The  first  series 
emphasizes  aerodynamic  performance,  and  the  second  evaluates  the  structural  aspects  of  the  finalized  aerodynamic  designs. 


Figure  19.  Blade  Detail  Block  Diagram  for  Initial  Engine  Design  Figure  20.  A Blade  Detail  Block  Diagram  for  Aerodynamic  and 
Step  in  Engineering  Development  Phase  Structural  Rig  Test  Step  of  Engineering  Development 

Phase 


The  aerodynamic  testing  is  accomplished  on  full-scale  module  level  components  incorporating  a significant  amount  of 
boilerplate  hardware.  Therefore,  ctructura!  evaluation  is  limited  to  only  those  parts  which  are  flight-type.  Furthermore, 
aerodynamic  testing  is  normally  of  short  duration,  limiting  structural  evaluation  to  high  frequency  vibration  and  assembly 
anomalies. 
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The  finalized  aerodynamic  conliguration  is  then  subjected  to  structural  rig  tests  which  provide  a complete  documentation  of 
steady  stress  and  vibratory  conditions.  Although  the  internal  flows,  pressures,  and  temperatures  from  these  tests  do  not  represent 
exactly  the  engine  conditions,  the  data  will  be  sufficient  for  updating  the  structural  design  system.  In  addition,  wear  rigs  and 
laboratory  testing  of  containment,  proof  and  burst  pressures  may  also  be  conducted.  The  critical  parts  list  may  change  as  a result 
of  both  the  final  aerodynamic  configuration  and  the  results  of  the  structural  testing.  Critical  parts  should  continue  to  receive  special 
tests  and  analytical  treatment.  As  in  the  previous  step,  design  modifications  are  made  as  a result  of  this  testing.  Retesting  of 
moditications  may  also  be  required  to  increase  confidence  in  the  design. 

The  second  structural  audit  is  concerned  with  ensuring  that  the  design  is  sufficient  for  commitment  to  full-scale  complete 
engines  with  a low  risk  of  completing  the  planned  program.  Confidence  in  the  design  should  be  considerably  greater  than  in  audit 
No.  1,  since  subsequent  rig  testing  has  verified  the  design  system.  Therefore,  any  major  structural  problem  appearing  at  this  point 
can  result  in  significant  configuration  changes  and  iteration  to  any  of  the  previous  development  steps  even  as  far  back  as  to  definition 
of  mission  and  duty  cycle.  Again,  a risk  assessment  of  alternate  strategies  will  point  the  way  to  any  program  redirection. 

Step  No.  3 — Structural  Environmental  Verification 

The  purpose  of  this  step  is  to  verify  that  the  engine  has  sufficient  structural  life  qualities  to  permit  flight  testing  and  operational 
verification.  This  verification  is  achieved  by  core  and  full-scale  engine  testing  as  shown  in  Figure  21.  These  tests  subject  the 
individual  components,  for  the  first  time,  to  an  engine  environment  which  includes  the  coupling  effects  between  sub-componenu, 
such  as  turbines  and  compressors.  The  environment  includes  actual  secondary  flows,  heat  transfer  conditions  and  system  dynamics. 
These  engines  will  be  heavily  instrumented  to  obtain  structural  data  on  internal  flows,  temperatures,  strains,  ovefspeeds  and 
vibrations.  The  engine  tests  will  be  supplemented  with  laboratory  tests  of  those  components  expected  to  be  limited  by  low  cycle 
fatigue  and  creep.  These  laboratory  tests,  such  as  spin  pit  and  ferris  wheel  tests,  are  employed  to  evaluate  long-lived  parts  without 
requiring  time  consuming  engine  tests.  When  the  design  system  is  updated  with  this  environmental  and  component  life  data,  the 
analysis  of  the  engine  structural  elements  can  be  updated  and  necessary  design  modifications  incorporated  with  a “how-goes-it" 
audit  of  the  test  results  after  completion  of  each  significant  full-scale  engine  test. 

Following  the  completion  of  all  redesign  and  associated  test  verification,  the  final  structural  audit  for  step  No.  3 is  conducted. 
This  audit  is  a summation  of  all  the  “how-goes-it”  audits  and  should  concentrate  on  assessing  whether  the  engine  life  has  been 
sufficiently  verified  so  that  the  engine  can  be  fully  qualified  for  flight  testing  and  operational  verification.  Since  the  preceding  life 
verification  tests  should  have  uncovered  any  remaining  major  structural  problems  in  the  system.  This  should  be  the  last  audit 
wherein  decisions  concerning  significant  program  redirection  are  required. 

Step  No.  4 — Operational  Life  Verification 


The  objective  of  this  step  is  to  verify  that  the  engine  structure  is  satisfactory  for  field  usage  and  meets  expected  life 
requirements.  The  activities  include  the  flight  test  program,  limited  field  experience,  limited  service  evaluation,  accelerated  mission 
tests  (AMT),  flight-envelope  extremity  tests  in  a simulated  altitude  test  facility  and  the  final  preproduction  qualification  simulated 
mission  test,  as  shown  in  Figure  22. 
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Figun  21.  A Blade  Detail  Block  Diagram  for  Engine  Structural 
Environment  Verification  Step  of  Engiruering  Develop- 
ment Phaee 
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Figure  22.  A Blade  Detail  Block  Diagram  for  Engine  Operational 
Life  Verification  Step  of  Engineering  Development 
Phase 


Flight  testing  provides  confirmation  of  engine  functional  suitability  through  maneuver  and  envelope  extremity  tests  and 
operational  usage  simulations.  The  real  environment  evaluation  of  the  components  is  expanded  in  flight  testing  to  include  actual 
airframe/engine  interface  loads  and  actual  transient  aerodynamics.  Structural  data  that  could  be  obtained  during  flight  testing 
include  blade  vibratory  stresses,  engine  vibration  measurements,  and  transient  internal  pressures  and  temperatures. 

Simultaneously  with  the  flight  test  program,  expanded  ground  testing  of  complete  engines  is  conducted.  The  extremes  of  the 
flight  envelope  are  explored  in  ground  facilities  prior  to  flying  in  these  regions.  Accelerated  mission  tests  (AMT)  are  conducted  to 
evaluate  the  life  potential  of  the  engine.  The  AMTs  are  conducted  in  sea  level  and  altitude  test  facilities  as  required  to  simulate  the 
operational  usage.  The  engine  is  subjected  to  the  total  operating  time  at  rated  temperature  and  the  total  number  of  LCF  cycles  at 
the  correct  altitudes  and  Mach  numbers.  The  steady-state,  low  power  portions  of  the  operational  usage  are  reduced  in  the  AMT 
because  they  do  not  contribute  to  creep,  erosion,  or  LCF  damage.  For  practical  and  economic  reasons,  these  tests  would  normally 
evaluate  only  a portion  of  the  predicted  life;  an  approximate  half-life  is  considered  a reasonable  objective. 

Following  the  flight  test  and  ground  life  testing,  design  modifications  may  be  required.  In  addition  to  vibration  and 
environmental  data  from  flight  and  engine  testing,  this  redesign  effort  also  considers  results  of  inspection  of  parts  taken  ffom  engines 
during  teardown.  These  modifications  are  then  incorporated  into  a small  number  of  engines  for  limited  fleet  evaluation.  In  this 
evaluation,  the  aircraft  are  operated  by  the  user  organization  in  a manner  that  is  expected  to  characterize  full  deployment 
conditions.  This  provides  supplemental  flight  test  data  and  guidance  in  planning  the  preproduction  qualification  test. 
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The  simulated  misaion  qualification  teat  that  leada  to  production  ia  a full-life  teat  that  veriflea  the  engine  capability  to  meet 
ileet  readineaa  life  and  performance  requiiem>'nta.  Thia  teating  ia  tailored  to  aimulate  the  optimized  miaaion  mix  and  duty  cycle 
denned  by  the  parallel  limited  fleet  evaluation.  The  modihcationa  required  prior  to  full  production  committal  are  incorporated  into 
the  deaign.  Thia  fleet  evaluation  prior  to  final  production,  enaurea  that  the  final  deaign  «ill  aatiafy  the  real  fleet  uaage  as  deacribed 
by  the  TF30  example  in  Figure  7. 

The  fourth  atructural  audit  veriflea  that  the  er,gine  ia  ready  for  pioduction.  It  ia  expected  that  all  critical  life  problems  have 
been  solved  prior  to  this  audit;  thus  the  audit  is  no  longer  concerned  with  development  risk.  Instead,  it  considers  the  state  of 
structural  maturity  and  the  remaining  minor  problems  in  term  of  the  risk  of  meeting  required  operational  readiness  requirements 
and  operating  costa.  It  may  further  assess  possible  engineering  change  programs  aimed  at  improving  readiness  and  costa. 

The  closed  loop  management  and  configuration  control  does  not  stop  with  the  production  release.  engines  will  be 

maintained  with  accelerated,  fleet  operational  hours  greater  than  any  deployed  propulsion  system.  These  special  engines  will  be 
lead-the-force  systems  and  will  be  used  for  early  identification  of  any  potential  fleet  problem.  This  technique  again  allows  user 
command,  logistics  and  operational  readiness  projection  updates. 

CONCLUSIONS 

Continuation  of  the  trend  in  turbine  design  towards  higher  thrust-to-weight  ratios  and  for  increased  durability  will  require 
substantial  improvements  in  structural  analysis  methods  and  the  implementation  of  a time-phased  systematic  development  system. 
Reliable  methods  to  predict  new  weapons  systems  misaion  requirements  and  flight  profiles  are  required  to  reduce  propulsion  system 
configuration  changes  during  development.  Reliance  on  sophisticated  automated  structural  analysis  design  systems  will  be  required 
to  effectively  consider  all  required  design  parameters. 
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DISCUSSION 


Dr  Siva.  UK 

1 must  congratulate  the  authors  on  the  excellent  paper  on  life  prediction.  This  subject  is  a very  difficult  one  to  deal 
with  without  a lot  of  service  record.  How  did  you  obtain  sufficient  temperature  boundary  condition  to  solve  a 3D 
problem  on  rotor  disc  and  blade? 

Author’s  Reply 

We  use  a separate  thermal  analysis,  which  could  be  either  2D  or  3D,  depending  on  the  complexity  required  to 
predict  the  temperature  of  the  hardware.  This  analysis  is  conducted  at  enough  flight  points  to  assure  that  the  worst 
transient  thermal  gradients  are  identified.  The  thermal  analysis  is  the  major  cost  item  of  the  total  analysis  (all 
accelerations  and  decelerations  are  investigated). 


Dr  Siva,  UK 

Can  you  explain  why  you  need  rig  tests  as  well  as  engine  tests?  Are  you  able  to  simulate  the  engine  condition  on  the 
rig?  Is  the  rig  a back  up  for  your  mathematical  model. 

Author’s  Reply 

Engine  tests  almost  always  have  instrumentation  limitations,  either  in  quantity  of  measuring  devices  or  accessibility. 
It  is  easier  and  cheaper  to  obtain  a large  volume  of  data  which  includes  ‘off-design’  conditions  to  determine 
operating  margins  from  rigs.  Full  scale  engine  data  is  required  to  ensure  that  the  ‘rigs’  are  truly  reproducing  engine 
characteristics  and  are  not  identifying  problems  associated  to  the  rig  itself  and  are  not  real  engine  problems.  The  rigs 
do  duplicate  engine  condition.  The  rigs  are  used  to  evaluate  the  accuracy  of  mathematical  models  to  predict  engine 
stress  and  thermal  state.  These  data  are  an  integral  part  of  determining  error  bands  and  risk  assessment. 

M.J.Hotland,  UK 

Concerning  Figure  2 of  your  paper,  could  you  please  clarify  whether  the  timescale  refers  to  the  year  in  which  the 
engine  is  designed  or  when  it  is  first  deployed  in  service? 

Author’s  Reply 

Generally,  they  refer  to  deployment  or  release  of  an  engine  for  service  use. 


-tl.U-.  jl-  L 'JIUI'. 
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SUMMARY 

The  finite  element  method  has  been  applied  successfully  to  a large  number  of  enginee- 
ring problems. 

The  present  paper  summarizes  the  main  approaches  to  some  problems  of  heat  transfer 
and  stress  computation  that  arise  in  the  analysis  of  turbine  blades. 

The  introduction  of  non  linear  boundary  conditions  and  temperature  dependent  material 
properties  is  considered  in  the  heat  transfer  analysis.  Various  non  linear  effects  are 
also  taken  into  account  in  the  static  and  dynamic  stress  analysis.  It  Includes  centrlfugual 
forces,  initial  stresses,  temperature  dependent  properties  and  elasto-plastlc  behaviour. 

Different  situations  concerning  turbine  blades  and  rotors  are  analysed  to  Illustrate 
the  capabilities  that  are  part  of  a general  purpose  program  developped  by  the  University 
of  Li6ge. 


1.  INTRODUCTION 

The  finite  element  method  has  had  its  first  applications  in  structural  mechanics 
fl,2]  ; it  is  nowadays  a wide  spread  procedure  for  the  evaluation  of  stresses  in  many 
areas  of  engineering.  The  method  has  also  been  used  for  field  problems  f2,3,4,5j  where  its 
properties  of  generality,  simplicity  in  presence  of  several  materials  and  complex  boundary 
conditions  have  often  overcome  particular  methods  or  the  well-known  difference  method. 

The  problem  of  heat  transfer  and  (associated)  thermal  stresses  in  solids  is  precisely 
one  for  which  the  finite  element  method  may  add  to  these  advantages  by  a unique  way  of 
treating  the  two  problems. 

These  analyzes  will  be  undertaken  within  the  fr2une  of  uncoupled  thermoelasticity  [6^  : 
the  thermal  and  structural  problems  are  separate  ones  and  one  can  seek  first  for  thermal 
fields  and  solve  afterv'^rds  the  elastic  boundary  value  problem  resulting  from  this  thermal 
field;  in  other  words  t .e  work  of  the  applied  loading  is  achieved  so  slowly  that  it  does 
not  produce  heat  enable  to  disturb  the  initial  thermal  configuration.  This  hypothesis  is 
quite  reasonable  in  most  of  the  practical  ctses  if  one  avoids  situations  such  as  welding 


The  paper  is  therfore  divided  into  two  main  parts:  sections  2 to  4 deal  with  the 
thermal  field  determination  problem  by  means  of  temperature  discretizations;  the  problem 
may  be  either  linear  or  non-linear  and  both  steady-state  and  transient  cases  are  examined. 
The  second  part  of  the  paper  covers  the  thermal  stresses  determination  in  elastic  solids 
by  use  of  structural  displacement  models  (sections  5 and  6) . 


2.  BASIC  EQUATIONS  FOR  THERMAL  FIELDS 

The  heat  conducting  body  occupies  a region  R bounded  by  a surface  3R,  the  outward 
normal  is  represented  by  the  unit  vector  n*. 

Let  e(x,T)  be  the  Instantaneous  temperature  distribution  referred  to  cartesian  coordinates 
X.  The  temperature  gradient  is  denoted  by 

e > de  (1) 

T ^3  3 3 *1 

where  the  operator  d is  defined  as  d = F t::—  •str”  J (2) 

3X^  vX^  vX^ 

The  heat  flow  vector  is  related  to  it  by  Fourier's  law 

q = - He  (3) 

H is  the  symmetric  matrix  containing  the  heat  conductivity  coefficients;  they  may  be  tem- 
perature-dependent. Energy  conservation  related  to  heat  transfer  is  expressed  by  the  ther- 
mal balance  equation 


a Matrix  formulation  is  used  for  simplicity:  a greek  letter  denotes  a scalar,  a small  letter 
a column  vector  and  a capital  letter  a matrix;  the  super  scriptes  and  denote  the 
transpose  and  inverse  operations  respectively. 
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K If  = iPjj  - d'^q  in  R (4) 

where  < denotes  the  heat  capacity  of  the  solid  (it  may  be  temperature  - dependent)  and 
i|)j.  the  prescribed  internal  heat  sources,  both  quantities  being  referred  to  the  unit 
volume . 

Boundary  conditions  may  be  expressed  in  the  general  equation 

n^q  = oCe"  - e”)  - i)/g  on  aR  (5) 

which  relates  the  heat  flux  at  the  boundary  to  a function  of  the  boundary  temperature 
e and  of  the  prescribed  environment  temperature  e_  by  an  exchange  coefficient  a 
(eventualy  temperature-dependent) . A surface  prescribed  heat  source  distribution  iji  may 
also  be  present. 

This  general  expression  may  easily  be  particularized  to  the  usual  cases  of 

- prescribed  temperature  distribution  (i|/g  = 0,o  -*•  » ) 

8 = 8g  on  aRj^  (6) 

- prescribed  surface  heat  sources  («=  0) 

T 

n q = - i),g  on  3R2  (7) 

- convective  heat  transfer  = 0,  m=l) 

n^q  = 0^,(8-  8g)  on  aR^  (8) 

-radiative  heat  transfer  (4,^  = 0,  m=4) 

n^q  = oij.(8^  - Sg)  on  aR^  (9) 

The  formulation  of  the  problem  is  finally  completed  by  the  ]cnowledge  of  the  initial 
temperature  distribution 

e(x,0)  =6*  (x)  (10) 

This  general  problem  will  be  subdlvlsed  into  steady-state  case,  for  which  every  function 
is  only  spatially  varying,  and  the  transient  case. 

In  each  of  these  cases,  we  shall  pay  attention  to  the  linear  problem  first  for  which 
the  material  properties  (H,k)  and  prescribed  data  (a,  iii-,  41  ) are  temperature-independent 
and  the  power  m of  exchange  law  (5)  is  equal  to  one;  we^shafl  afterwards  treat  the  general 
non-linear  problem. 


3.  STEADY-STATE  THERMAL  FIELDS 

Using  the  Finite  Element  Method  the  first  tas]^  to  implement  is  the  search  for  inte- 
grated forms  of  the  problem  since,  by  definition,  the  goal  of  the  method  is  to  deduce 
approximate  global  relations  for  a finite  domain.  According  to  this  it  has  been  early 
recognized  that  the  steady-state  problem  with  temperature-independent  properties;  like 
other  similar  field  problems,  can  receive  a true  variational  formulation.  The  latter 
states  that  the  functional 

^(8)  = I I e’’  H e dR  - I 4;j^8  dR 

-|  4,g8  d8R  + I 8(  I - 8g)  dsR  (11) 

+ [ a_  8(  — I - el)  daR 

is  stationary  under  small  perturbations  se  of  the  temperature  field  subject  to  the  cons- 
traint 


«e  ” 0 on  aRj^  (12) 

Indeed  performing  such  a variation  and  expressing  the  statlonarity  of  (11)  we  find  after 
an  integration  by  parts  on  the  first  term 

4^(8)  * ■ [ d’’(He)  68  dR  - [ 4ip  68  dR+[  (8-8^)  6ed3R+ f a ( 8^-8^ ) 6 6d3  R-0 

jR  Jr  JaRj  ° ® ■’3R4  ® 

+ [ n’’  H e 68  d3R  - [ 4i_  68  daR  (13) 

J3R  JaR-  ® 
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Because  of  the  constraint  (12)  the  boundary  term  on  generates  contributions  on  3R,, 

3R.  and  3R.  only  and  we  obtain  as  Euler-Lagrange  equa-.  ion  and  natural  boundary  condi- 
tions a steady  state  version  of  equations  (3, 4, 7, 8, 9). 

The  main  advantage  of  formulating  the  global  problem  In  that  manner  Is  that  the  func- 
tional (11)  may  be  proved  to  reach  a minimum  value  for  the  temperature  field  satisfying 
exactly  this  set  of  equations  [2]  . 

Besides,  In  absence  of  radiative  exchange,  a complementary  minimum  variational  prin- 
ciple can  be  expressed  In  termes  of  the  dual  variable  of  heat  conduction;  the  heat  flow 
vector  • Advantage  may  then  be  taken  of  this  situation  to  obtain  a numerical  estimate 
of  the  convergence  to  the  true  solution  by  upper  and  lower  bounds  to  a characteristic 
functional  of  the  boundary  value  problem:  the  dissipation  function.  This  aspect  will  not 
be  described  here  but  may  be  found  detailed  in  reference  [l,5^  . 

3.1.  Finite  Element  Linear  Analysis 

3.1.1.  General  Formulation 


The  variational  formulation  (13),  related  to  the  application  of  a GALERKIN  type 
approximation  to  the  Initial  differential  system.  Is  used,  but  the  non-linear  radiative 
term  Is  dropped. 

The  linear  temperature  models  that  we  will  derive  are  well  known  [2,53  • they  are  based 
on  a continuous  piecewise  differentiable  temperature  field  e discretized  as 

e(x)  = w'^(x)  t in  E (14) 


within  the  domain  E of  the  finite  element.  The  components  of  w are  the  shaping  functions 
or  Interpolation  functions  of  the  temperature  field. 

To  organize  Interelement  continuity  of  the  temperature  field.  It  Is  possible  to  define 
the  un)(nowns  t,  as  local  values  of  the  temperature  field  Itself,  or  as  temperature 
average  to  build  pure  temperaturey hybrid  or  delincuent  models  [9J  . 

The  temperature  gradient  field  Is  written  as 

e = d 0 (x)  = d w"^  (x)  t = G(x)  t (15) 

The  stationarity  condition  (13)  is  finally  expressed  in  terms  of  the  local  temperature 
degrees  of  freedom  at  the  element  level  by 

«5f(t)  = dt’’’  [|  g'^(x)  H(x)  G(x)  dEjt 
+ St’’  [f  a (x)  M(x)  d3E]  t 

*£3  (16) 

- dt"^  [[  +p(x)  w(x)  dE]-  dt'^  r[  w(x)  d3E] 

Je  J3E2 

- dt'’  n a„(x)  e_(x)  w(x)  d3El  = 0 

J3E3  ® 

with  M(x)  = w(x)  w'^(x) 

The  variations  dt  being  arbitrary  except  for  the  constraint  (12) , equation  (16)  yields 
the  following  linear  system  at  the  element  level 


[k  + K^l  t = f + g + g^ 

where 


(17) 


K = I g'^(x)  H(x)  G(x)  dE  (18) 

J E 

Is  the  main  conductivity  matrix  of  the  element,  H(x)  standing  for  the  matrix  of  heat 
conductivity  coefficients 

= I M(x)  d3E  (19) 

J 3E3 

is  the  convective  part  of  the  conductivity  matrix; 

The  second  member  of  (17)  groups  all  the  generalized  fluxes  due  to  prescribed  sources 
or  convective  exchanges  : 


f = I ♦u(x)  w(x)  dE 

g “ ♦_(x)  w(x)  d3E 

J 3E2 

g * 0_(x)  w(x)  d3E 

° J 3E3  ° ® 


(a) 

(20)  (b) 

(c) 


The  system  (17)  can  now  be  extended  to  Its  structural  dimension  by  assembling  the  finite 
elements  following  classical  procedures  [l]  . 
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Once  the  linear  system  Is  built  up.  It  has  to  be  solved.  Well-known  techniques,  such  as 
the  frontal  solution  technique  [^10, 11^  , are  available  to  this  effect. 

Finally  the  wear  quantity  attached  to  the  temperature  models,  l.e.  the  heat  flow 
vector,  may  be  derive  a element  by  element  as 


q(x)  = - H(x)  e(x)  = - H(x)  G(x)t 
= T(x)  t 


(21) 


3.1.2.  Typical  linear  finite  element  [sj 


According  to  these  theoretical  developments  several  particular  elements  have  been 
devised. 

They  are  able  to  deal  with  one  -,  two-  and  ;hree  dimensional  heat  transfer  In  solids  In 
a very  general  way:  possibility  of  anisotropic  thermal  conductivity,  variable  geometric 
data  (thickness,  cross-section)  and  account  taken  of  the  three  types  of  boundary  condi- 
tions (Internal  or  surface  heat  sources  plus  convection) . 


3.1.3.  Numerical  examples 

Those  capabilities  are  Included  In  the  general  purpose  computer  progrcun  SAMCEF  Q that 
has  been  used  to  perform  the  two  numerical  exeunples  that  we  shall  now  present  to  Illustrate 
the  effectiveness  of  the  models. 


a)  Steady-state  thermal  fields  In  a turbine  blade 

The  cross-section  of  the  blade  Is  represented  figure  1 and  the  thermal  characteristics 
of  the  problem  are  the  following  : 

- homogeneous  Isotropic  material  of  constant  conductivity  (k  = .183  w/cm.°c) 

- convective  exchange  at  the  blade  outer  surface  with  a hot  fluid  (ff  = 690°c)  Including 

variable  convection  coefficients  (figure  2).  ® 

- convective  exchange  at  the  fifteen  Internal  cooling  ducts  with  fluids  different  tempe- 
ratures and  with  different  constant  coefficients  (figure  2) . 

The  discretization  of  the  cross-section  comprizes  351  triangular  elements  for  249  nodes. 
Several  analyzes  were  performed  Involving  linear,  quadratic  and  cubic  local  fields,  that 
Is  249,  863  and  1477  degrees  of  freedom  respectively.  The  associated  computer  costs  were 
71,  loo  and  163  CPU  seconds  on  the  IBM  370/158  of  the  University  of  LlSge.  The  results 
are  plotted  on  figures  3 and  4 In  the  form  of  Isothermal  curves  and  heat  flow  patterns, 
for  quadratic  and  cubic  discretizations. 

b)  Analysis  of  a gas  turbine  rotor 

This  second  example  Involves  a three-dimensional  body  that  can  be  reduced  to  an 
axlsymmetrlc-type  of  structure  by  replacing  the  blade  effect  by  modified  exchange  coef- 
ficients at  the  outer  surface  of  the  rotor  core  (figure  5) . It  Is  then  sufficient  to 
analyze  an  axial  section  of  this  core;  It  Is  made  of  four  different  parts  and  materials. 
The  thermal  properties  of  each  material  are  taken  to  be  Isotropic  and  constant. 

The  boundary  conditions  are  of  three  types  ; 

- prescribed  temperature  for  the  rotor  around  the  supporting  oil  bearings  (P) . 

- convective  exchange  at  the  outer  surfaces  of  the  wheels  (C)  with  varying  exchange  coef- 
ficients and  gas  temperatures. 

- adiabatic  surfaces  elsewhere.  (A). 

The  contacts  between  the  dlffernet  parts  of  the  rotor  are  supposed  by  perfect,  l.e.  there 
Is  no  thermal  resistance  at  the  joints.  The  discretization  of  the  core  has  been  made  by 
use  of  triangular  axlsymmetrlc  volume  elements  (figure  6) : 876  elements  for  552  nodes. 

The  results  presented  In  figures  7 and  8 correspond  to  an  analysis  Involving  1994  degrees 
of  freedom  and  quadratic  local  fields.  The  greatest  temperature  gradients  appear  In  part 
I of  the  rotor  and  the  maximum  temperature  is  around  600“c.  These  results  have  been  partly 
confirmed  by  a finite  difference  analysis  of  part  I of  the  rotor  (figure  9,10) . Advantages 
of  the  finite  element  method  are  obvious:  different  materials,  complex  boundary  conditions 
and  shapes  are  easily  taken  Into  account. 

3.2.  Finite  element  non-linear  analysis 

3.2.1.  General  formulation 


Once  radiative  exchange  appears  at  the  boundary  or  in  case  of  temperature  dependent 
thermal  data  or  prescribed  heat  sources,  the  linear  system  (17)  does  not  hold  any  longer. 
It  must  be  replaced  by 


[k(9)  + K^(9)  + Kj.(e)]  t=  f(e)  + g(e)  + g^(9)  + g^(9)  (22) 

where  the  new  conductivity  matrix  K and  the  additional  fluxes  g are  deduced  from  elemen- 
tary values  given  by  ^ ^ 
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g = [ a (x,e)  0^(x)  w(x)  d3E  (b) 

The  other  dependences  on  the  temperature  vector,  expressed  in  (22) , are  due  to  the  possi- 
ble variation  of  the  thermal  data  (H,a  ) and  of  the  prescribed  values  with  the 

temperature.  The  proposed  solution  tecfinique  for  (22)  is  the  so-called  "’'tangential  con- 
ductivity" 1 17,  5 I,  which  is  quite  close  to  the  Newton- Raphson  technique:  for  each 
element,  the  non  linear  system  is  analysed  in  the  neighbourhood  of  the  solution  8^,  or 
t^  in  terms  of  generalized  temperatures 

K (6  + AS)  (t  + At)  = g(e  + Ae)  24) 

o o ' o 

where  K an  a g stand  for  the  detailed  matrices  of  (22) , The  following  linearization  is 
then  applied 

K(8o)  (to+::t)+  jc’’  ||  G (t^+At)A8  dR  = 9(8^)+  ||  AS  (25) 

If  one  only  retains  the  first  order  terms  in  the  temperature  increment  A8  , it  yields 

^ ''''  If  <^0  -I3J,  II  M d3R  I At  = g(8^)-K(6^)t^ 

(26) 

The  variable  i|i  represent  the  term  o (x)  8 for  the  convective  boundary  and  the  term 
a (x)  8’(x)  for  the  radiative  boundiry.  Expression  (26)  furnishes  the  required  increment 
t5  apply  from  a gess  value  t.,  given  the  temperature  dependence  of  the  conductivity  and 
of  the  generalized  fluxes.  Th8  solution  can  be  written 

<^o>  ^ ^'^o’  *"01 

where 

K.^  (t„)  = K(to)t  I {g"^  If  G t^  w""  - M}  dR  - J II  M d8R  (28) 

o R 

is  the  "tangential  conductivity"  matrix. 

Unfortunately  the  second  term  of  equation  (28)  pro- 
duces a matrix  which  is  not  symmetric.  This  fact  yealds  more  computer  storage  and  cost. 
However  it  is  intersting  to  notice  that  the  non  linearities  due  to  convection  or  in  general 
due  to  the  imposed  fluxes  produce  symmetric  matrices  in  the  expression  of  the  tangential 
conductivity  matrix. 

3.2.2.  Numerical  example 

As  an  Illustration  of  the  procedure  we  shall  analyze  the  steady-state  situation  of  the 
turbine  blade  previously  examined  (section  3.1.3a).  Nothing  has  changed  as  far  as  thermal 
input  is  concerned  but  the  isotropic  conductivity  is  now  temperature-dependent 
The  guess  solution  was  the  linear  one  and  the  process  required  3 iterations  to  converge. 

The  results  are  plotted  on  figure  11a.  They  are  compared  to  the  linear  ones  on  figure  11  b, 
and  exhibit  only  slight  differences  (5%)  . Those  are  mainly  located  around  the  trailing 
edge  where  the  mean  temperature  differs  markedly  from  the  lOO^C  corresponding  to  the  cons- 
tant conductivity  of  the  linear  analysis. 

4.  TRANSIENT  THERMAL  FIELD 

No  true  variational  principle  exist  for  the  transient  problem  of  heat  transfer  even 
in  the  linear  case  [12]  : all  direct  attempts  to  derive  integral  functionals  suitable  for 
finite  element  idealization  proceed  from  restricted  or  quasi-variational  principles. 
Sometimes  preliminary  modifications  such  as  convolution  enable  a true  variational  treatment 
[3]  . In  addition  it  has  been  shown  [12]  that  all  these  approaches  are  equi^ralent  to  a 
direct  application  of  the  Galerkin  procedure  to  the  set  of  equations  (3, 4, 6, 7, 8, 9)  in  the 
realm  of  piecewise  linear  spatial  approximations  to  the  unknown  function.  Finally  various 
attempts  based  on  finite  elements  in  time  and  space  [4,13]  have  shown  no  advantage  on  the 
separate  treatment  of  the  problem  into  space  and  time  coordinates.  That  is  the  reason  why 
we  shall  analyze  the  problem  in  the  standard  way,  that  means: 

- spatial  discretization  through  Galerkin  procedure, 

- time  integration  of  the  resulting  differential  system. 

Previous  to  this  second  step  a modal  analysis  [5,14]  may  be  performed  in  the  linear  case: 
the  idea  is  to  analyze  the  Initial  temperature  distribution  0*  and  the  forcing  terms  f 
and  g into  natural  thermal  modes  of  the  problem.  The  differential  system  is  then  reduced 
to  a set  of  uncoupled  ordinary  differential  equations  and  all  the  computational  work  is 
transferred  to  the  eigenvalue  problem.  The  method  is  particularly  well  suited  for  long 
range  solutions  in  time  for  which  only  few  modes  are  required  [14]  . 

In  this  paper  we  shall  concentrate  on  the  direct  integration  procedure  which  allows  for 
non-linear  situations.  The  Integrated  form  suitable  for  finite  element  spatial  discretiza- 
tion results  from  the  Galerkin  formulation 

«?(8,t)  = 1 e"^  H «e  dR  + [ K 1^66  dR- [ *„«8dR-|  i)/„«6d3R+l  (8-8„)  6ed3R 

Jr  Jr  Jr”  J3R2^  J3R2'^  ® 

+ I o_  (e^-8^)«8  d3R  - O 
JsR.  ® 


(29) 
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The  only  difference  with  equation  (13)  is  the  presence  of  the  temperature  time  derivative 

and  the  possibility  for  all  prescribed  functions  ijj.,  i|i  and  to  be  time-dependent. 

K 6 6 

4.1.  Finite  element  linear  analysis 

4.1.1.  General  formulation 


We  turn  back  to  the  matrix  formulation  of  section  3.1.  and  consider  first  the  linear 
case.  The  temperature  field  is  discretized  spatially  as  in  (14)  : 


e (x,t)  = w^(x)  t(T) 


(30) 


By  analogy  with  the  developments  of  section  3.1  we  find  by  substitution  of  (30)  into  (29) 
the  generalization  of  the  steady  state  system  (17) , which  is  after  assembling  the  elements 


[k  + K^]  t(T)  + C = f(T)  + g(T)  + g^,(T)  (31) 

The  only  new  matrix  is  the  capacity  matrix  C which  is  obtained  from  its  elemental  contri- 
butions 

C = I *(x)  M(x)  dE  (32) 

J E 

in  the  same  way  as  the  conductivity  one . 

The  differential  system  (31)  is  completed  by  the  initial  condition  deduced  from  (10)  : 

t(o)  = t*  (33) 

4.1.2.  Direct  time  integration  through  finite  differences  formulae  [5,13]  . 

For  time  integration  purposes  we  shall  only  consider  one  step  direct  schemes  for 
which  the  time  derivative  at  a particular 

T.=  T-^4  fix  ♦ 

♦ 

is  approximated  by  the  finite  ratio 

3_t  j ^ t(T-^AT)  - t(T)  ^ ^ 

At  At 

This  allows  the  system  (31)  to  be  written 


time  of  the  interval  (t,t  +4>At)  : 

[0,1]  (34) 

(35) 


1^  + 4,K|  At  = g(T^)  - K t(T)  (36) 

where  K and  g stand  for  K + K and  f+g+g  respectively.  This  scheme  furnishes  the  tempe- 
rature vector  change  At  within  a ' ime  8tf5p  At,  given  the  knowledge  of  the  temperature  at 

the  beginning  of  the  time  step  and  of  the  forcing  function  at  the  particular  time  t*. 

This  family  of  methods  is  implicit  except  for  4=  0 (explicit  Euler  scheme) ; in  particular 
the  case  4=  1/2  corresponds  to  the  well-known  trapezoidal  rule, 4 = 2/3  to  the  so-called 
Galerkin  scheme  while  4=1  stands  for  the  fully  implicit  scheme. 

The  main  problem  related  to  those  schemes  is  accuracy  since  they  are  urconditionnaly  stable 
for  4 jl/2. 

The  conclusions  of  the  theoretical  accuracy  analysis  are  the  following  [5]  j eunong  uncon- 
ditionnaly  steible  schemes  the  choice  is  between  the  trapezoidal  rule,  tlie  Galerkin  scheme 
and  the  fully  implicit  scheme;  each  of  them  corresponds  to  some  optimal  point  of  view: 
lowest  truncation  error,  best  solution  in  the  weighted  residual  sense  or  no  approximation 
on  the  applied  loading  respectively.  The  scheme  4 = 1 is  only  valuable  if  large  time  steps 
are  required.  The  scheme  4 = 1/2  Interesting  for  all  cases  where  the  higher  modes  do  not 
play  an  Important  role  - i.e.  long  time  solution  - or  problems  with  no  fast  varying 
boundary  conditions;  otherwise  the  Galerkin  scheme  is  to  be  favored  due  to  its  better 
short-time  accuracy  [l5]  . 

4.1.3.  Numerical  example 

Several  situations  have  been  analyzed  to  compare  those  direct  schemes  and  to  confirm 
the  theoretical  conclusions  . Work  has  also  been  done  to  compare  this  direct  approach  to 
the  modal  superposition  [l4]  . The  example  we  shall  present  here  is  devised  to  illustrate 
the  procedure  in  a typical  situation  using  the  best  suited  technique.  It  concerns  the 
transient  analysis  of  the  turbine  blade  cross-section  already  analyzed  twice  in  steady- 
state  conditions  (figure  1) . The  transient  behaviour  is  governed  by  the  evolution  laws  to 
gas  temperatures  (fig.  12)  which  are  rather  severe.  The  effective  thermal  characteristics 
are  temperature-dependent  but  are  taken  constant  in  the  frame  of  linear  heat  transfert: 

k - .1893  w/  , Oc  = 4.1928  J/^„3 

cni  • c cm  • c 

The  saune  discretization  as  for  the  steady-case  is  used  (24  9 degrees  of  freedom)  . Due  to 
fast  varying  boundary  conditions  we  choose  the  particular  member  4 = 2/3  within  the  family 
of  one  step-method  (36).  Time  steps  are  chosen  according  to  the  piecewise  linear  time 
variation  of  the  given  data  and  the  results  are  plotted  figure  13  for  one  mode  located  at 
the  thermal  gauge  position  12  (figure  1) . On  this  figure  are  also  plotted  the  results  of 
a rood  al  analysis.  Both  finite  element  solutions  differ  from  test  results  but  are  very 
near  to  each  other.  The  differences  observed  were  only  partly  explained  by  the  limits  of 
linear  analysis  in  a non-linear  sltuc*-lon  : it  has  been  established  afterwards  that  under- 
stimated  hot  gas  temperatures  and  escapes  in  the  cooling  system  occured  during  the  tests. 
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Both  phenomenons  have  effects  In  the  observed  sense  but  is  has  not  been  possible  to  update 
the  data  to  rerun  the  problem. 

4.2.  Finite  element  non-linear  analysis 

4.2.1.  General  formulation 

Use  of  discretization  (30)  into  functional  (29)  where  thermal  data  and  prescribed 
functions  may  be  temperature-dependent  yields  the  non-linear  differential  system 

K(t)  t(T)  + C(t)  . = 9(t,T)  (37) 

where  K(t)  stands  as  in  (22)  for  K(t)  + K (t)  + K (t)  and  g(t,T)  in  a similar  way  for 
f(t,T)  + g(t,T)  + gg(t,T)  + g (t,T). 

The  signification  of  all  the  particular  matrices  is  the  same  as  before  (sections  3.2.1 
and  4.1.1) . 

Most  of  the  proposed  schemes  for  the  solution  of  this  problem  are  iterative  incremental 
schemes  D,16]  . 

However  it  is  possible  to  extend  the  proposed  technique  of  tangential  conductivity  to  the 
transient  case  |5|  : this  yields  the  incremental  system  within  the  time  interval  (T,T+iT): 

+ 4K.J,  |t(T)  I - } at  = g |t(T)  I - K |t(T)  I t(T)  (38) 

It  is  free  of  iterations  during  a time  step  since  it  implies  only  the  Icnowledge  of  the 
non-linear  matrices  at  the  beginning  of  the  time  interval.  The  presence  of  the  tangential 
conductivity  matrix  (28)  and  of  temperature-dependent  thermal  forces  in  (38)  results  in 
a non-syrometric  matrix  to  be  inverted  as  in  (27)  . 

The  choice  of  a particular  tp  will  be  guided  by  the  conclusions  of  the  linear  analysis 
though  one  must  be  careful  in  such  an  extension. 

4.2.2.  Typical  finite  elements  for  non-linear  transient  analysis 

Finite  elements  suited  for  non-linear  transient  problems  simply  combine  the  characte- 
ristic matrices  built  in  sections  3.2  and  4.1. 

4.2.3.  Numerical  example 

As  a final  example  of  thermal  fields  determination  we  shall  analyze  the  most  general 
situation  for  the  blade:  the  temperature  - dependent  data  are  in  the  case  of  the  blade, 
the  thermal  conductivity  and  capacity  of  the  material.  Their  non-linear  behaviours  are 
approximated  by  quadratic  temperature  polynomials  suitable  for  the  buiding  of  K and  C in 
(38)  . Time  steps  have  been  chosen  identical  to  those  of  the  linear  analysis  (section 

4.1.3.)  and  the  Galer)cin  scheme  (p  = 2/3  has  still  been  retained.  Compared  linear  and  non- 
linear results  are  presented  on  figure  14  for  the  thermal  gauges  node  12  . The  benefit 
of  the  non-linear  analysis  is  mainly  to  exhibit  a better  capacity  behaviour  : full  power 
temperatures  are  lower  and  slow  motion  temperatures  greater  than  the  linear  ones. 

5.  BASIC  EQUATIONS  FOR  THERMAL  STRESSES  [S] 

The  uncoupled  quasi-static  theory  of  thermoelasticity  that  we  consider  allows  to  seek 
for  displacement  and  stress  fields  in  elastic  solids  given  a prescribed  temperature  distri- 
bution [16]  . The  governing  equations  of  the  problem  are  then  the  following 

- compatibility  relations  for  small  deformations 

- Duhcunel  - Neumann  constitutive  relation  in  presence  of  a prescribed  thermal  field. 

The  tensor  of  Isothermal  moduli  is  defined  at  the  reference  temperature. 

- the  boundary  value  problem  is  completed  by  the  usual  boundary  conditions:  prescribed 
displacements  or  surface  tractions  . 

6.  FINITE  ELEMENT  TREATMENT  USING  DISPLACEMENT  MODELS  [5,11] 

6.1.  General  formulation 

The  integrated  forms  suitable  for  finite  element  discretizatiins  are  this  time  true 
variational  principles:  they  constitute  either  the  generalization  of  the  principle  of 
minimum  total  potential  or  that  of  the  principle  of  minimum  complementary  energy  [5j  . 

The  presence  of  a temperature  field  results  simply,  for  displacement  elements,  in  the 
presence  of  additional  generalized  forces  and  stresses,  in  a way  similar  to  the  well-known 
Duhamel  method  of  equivalent  forces  [l,5]  . The  integrations  required  to  compute  these 
forces  are  usually  made  on  the  basis  of  a linear  interpolation  between  the  known  nodal 
values  of  the  temperature  field. 

6.2.  Typical  displacement  elements  for  thermal  stresses  [s] 

Many  already  available,  structural  displacement  finite  elements  [ll]  have  been  provided 
with  the  appropriate  terms  to  enable  the  analysis  of  thermal  stress  problems.  The  structural 
shapes  and  functions  implemented  are  the  bars,  membranes,  thin  plates,  flat  shells,  axlsym- 
metrlcal  membranes,  shells  and  solids,  and  the  general  three-dimensional  solids  (tetrahe- 
dron or  "brick"-element) . 
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6.3.  Numerical  example 

As  an  illustration  we  shall  perform  the  subsequent  step  of  the  analysis  of  section 

3.1.3. b,  which  is  to  compute  the  thermal  stresses  in  the  rotor  under  the  determined 
temperature  field.  The  kinematical  boundary  conditions  are  the  following: 

- the  rotor  may  exhibit  free  dilatations  along  the  axial  direction 

- the  outer  surface  is  free  of  tractions  when  the  rotational  effect  is  not  taken 
into  account  . 

The  different  materials  are  provided  with  thermal  expansion  coefficients  and  the  same 
discretization  as  for  the  thermal  problem  has  been  used:  878  axisyiaetric  solid  elements. 

The  local  displacement  fields  were  quadratic  and  defined  3642  degrees  of  freedom. 

The  total  execution  time  of  the  problem  was  1070  CPU  seconds.  The  results  obtained  are 
displayed  on  figure  15  for  the  most  important  part  of  the  rotor. 
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FIG.  2 BLADE  EXTRA -AND  INTRADOS  EXCHANGE  COEFFICIENTS 
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DISCUSSION 


Dr  Siva.  UK 

I would  like  to  ask  the  author  why  he  has  used  just  ordinary  triangular  axisymmetric  elements  instead  of  isopara- 
metric elements  with  mid-side  node  which  will  reduce  a lot  of  work. 

Author's  Reply 

In  the  cooled  turbine  blade  we  have  used  ordinary  triangular  elements  because  the  analysis  began  three  years  ago  and 
it  was  necessary  to  utilize  the  same  discretization  for  steady  linear  analysis  and  transient  non  linear  analysis.  At  the 
present  time  we  are  using  isoparametric  elements.  But  using  as  well  ordinary  elements  as  isoparametric  elements  an 
axisymmetrical  analysis  is  always  cheaper  than  a 3-dimensional  analysis.  However,  in  nuclear  reactor  problems  we 
have  experience  with  analysis  using  3-dimensional  isoparametric  elements  (isoparametric  bricks  with  9 and  20  nodes). 
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EVALUATION  OF  A CERAMIC  COMBUSTION  CHAMBER 
FOR  A SHALL  GAS  TURBINE  ENGINE 
By 

G Sedgwick  - Project  Designer 
Lucas  Aerospace  Limited,  Fabrications  Division 
Lucas  Laboratories,  Burnley 
England 


SUMMARY 

Description  is  presented  of  the  design,  component  evaluation  and  combustion  testing  of  a reverse 
flow  annular  combustion  chamber  in  silicon  nitride.  Heat  transfer  assessments  were  made  of  the  temperature 
levels  which  components  would  reach  during  combustion  testing  and  a thermal  test  programme  was  formulated 
which  enable  thermal  loadings  well  in  excess  of  those  estimated  for  the  actual  flame  tube  environment  to 
be  imposed  upon  specimen  components.  Thermal  stress  and  probability  of  survival  values  were  obtained 
using  the  method  based  on  a Weibull  statistical  analysis  using  the  "weakest  link"  volume  critical  flaw 
assumption.  Finite  element  and  brittle  failure  analyses  were  carried  out  on  both  thermal  stress  test 
specimens  and  the  components  maiking  up  the  flame  tube. 

The  programme  of  seven  combustion  tests  carried  out  on  a pressure  rig  culminated  in  operation  at  a 
turbine  entry  temperature  in  excess  of  1500  K. 


1.  INTRODUCTION 

The  Ministry  of  Defence  is  sponsoring  work  at  the  Lucas  Aerospace  Limited  Engineering  Laboratories 
at  Burnley,  England,  to  evaluate  ceramic  combustion  chambers  for  small  gas  turbine  engines. 

The  work  falls  into  two  areas 

(i)  The  demonstration  of  the  suitability  of  silicon 
nitride  for  potential  use  in  small  gas  turbine 
engines  as  an  aid  to  increasing  specific  power, 
using  a small  annular  combustion  chamber, 

and  (ii)  The  demonstration  of  the  advantages  to  be  gained 

in  the  reduction  of  emission  levels  by  the  operation 
■of  an  unoooled  ceramic  flame  tube. 

This  paper  is  concerned  with  the  former  investigation. 

2.  GENERAL  CONSIDERATIONS 


A reverse  flow  annular  combustion  oheimber  was  chosen  as  a test  vehicle  for  this  investigation,  such 
a configuration  being  consistent  with  the  general  requirements  of  the  chosen  cycle  associated  with  a small 
main  or  auxiliary  power  unit. 

At  the  start  of  the  programme  (l972)  it  was  considered  unlikely  that  the  published  strength  of  silicon 
nitride  would  be  sufficient  to  withstand  the  thermal  stresses  which  would  be  imposed  on  a monolithic 
construction  and  consequently,  of  a number  of  alternatives  considered,  two  main  concepts  were  pursued. 

(i)  A tile  concept  which  would  minimise  both  axial  and 
circumferential  stresses. 

(ii)  A stacked  ring  construction  which  would  minimise 
axial  stresses. 

For  the  original  programme  it  was  considered  impracticable  and  \induly  expensive  to  use  unconventional 
flame  tube  arrangements  since  these  would  require  combustion  development  to  obtain  a basic  performance. 

Such  designs  were  therefore  eliminated  in  favour  of  configurations  on  which  experience  existed  on  developed 
metallic  designs.  It  was  felt  that  the  tile  and  ring  constructions  warranted  more  detailed  investigation 
and,  following  stress  analysis,  typical  components  were  manufactured  in  hot  pressed  silicon  nitride  (HPSN) 
and  flame  sprayed  route  (PSR)  reaction  bonded  silicon  nitride  (RBSN),  and  subjected  to  thermal  stress  testing. 

3.  THERMAL  STRESS  TESTS 


I 

1 


Heat  transfer  assessments  were  made  of  the  temperature  levels  which  components  would  reach  during 
combustion  testing  to  a chamber  exit  temperature  of  1500  C,  using  Lucas  computer  prograaies  developed 
specifically  for  this  purpose.  Primary  zone  mean  wall  temperatures  thus  estimated  are  given  in  Table  I, 
together  with  radial  gradients  through  the  material,  and  the  peak  temperatures  associated  with  local  hot 
spots. 
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TABLE  I 

PRIMARY  ZONE  WALL  TEMPERATURES 


Mean  Temperatures 

Local  Hot  Spot  Temperatures 

Wall  Temp* 

Gradient 

Wall  Temp* 

Gradient 

Outer  F/T 

870°C 

680c 

1115°C 

104OC 

Inner  f/T 

820°C 

77°C 

1055°C 

rii'e 

Stress  distributions,  based  on  the  temperature  conditions  in  Table  I,  were  established  which  showed 
peak  tensile  stresses  in  inner  and  outer  elemental  rings  to  be  113  MPa  (16380  Ibf/in^)  and  161  MPa 
(23350  Ibf/in^)  respectively  (1). 

To  give  an  increased  severity  factor  for  the  component  tests,  however,  a radial  gradient  of  150°C 
(302°P)  was  adopted  and  the  superimposition  of  local  hot  spots,  such  as  would  occur  in  a practical  oomb^tion 
chamber,  imposed  additional  thermal  stress  on  the  test  specimens  up  to  a level  of  236  MPa  (34210  Ibf/in^) 
on  an  inner  ring. 

In  practice  the  inner  faces  of  components  were  heated  by  a ring  burner  using  an  oxygen  enriched  air/gas 
mixture,  whilst  the  outer  faces  were  coded  by  cold  air  jets  from  a ring  manifold.  A hot  spot  was  applied 
by  means  of  an  oiy-hydrogen  flame  at  a single  point  on  each  specimen. 

3.2  Flame  Sprayed  Route  Reaction  Bonded  Silicon  Nitride  (FSR  RBSN)  Rings 

A statistical  approach  to  brittle  failure  analysis  based  on  the  "weakest  link"  hypothesis  (2)  was 
applied  to  the  FSR  RBSN  rings,  a volume  critical  flaw  distributicn  being  used  to  predict  the  probability  of 
failure  under  the  applied  loading.  Values  of  material  strength  and  Neibull  modulus  were  obtained  from  test 
bars  produced  at  the  same  time  as  the  test  components. 

Six  rings  of  inside  diameter  200  mm  (7.9  in),  length  32  mm  (1.26  in),  and  of  differing  thickness  were 
tested,  the  performance  of  each  is  given  in  Table  II. 

Measurements  of  Material  Strength  and  Weibull  modulus  taken  from  the  above  components  fell  short  of 
those  used  in  the  stress  analysis  which  had  not  predicted  failure  at  the  applied  stress  level. 

3.3  Hot  Pressed  Silicon  Nitride  (HPSN)  Rings 

Initial  trials  were  carried  out  using  a ring  which  contained  castellations  along  one  edge  tc  permit 
ingress  of  air  into  the  annular  chamber  for  combustion  purposes.  Failure  occurred  when  mean  temperatures 
of  860°C  (1580°F)  and  760°C  (1400°F)  were  imposed  on  the  inner  and  outer  faces  respectively,  and  when  the 
superimposed  peak  temperature  had  reached  1200°C  (2192°F),  Fracture  originated  at  the  root  of  a castellation 
within  the  hot  streak.  A further  castellated  ring,  with  a small  radius  introduced  at  the  edges,  and  plain 
rings  were  tested  to  mean  temperatures  of  790°C  (1454°f)  and  640°C  (i184°F).  A hot  streak  was  superimposed 
on  each  specimen,  the  temperature  being  increased  incrementally  from  1050°C  to  1250°C  (l922°F  to  2282°F), 
X-ray  examination  showed  no  cracks  in  any  of  these  specimens  which  had  been  subjected  to  conditions  giving 
peak  tensile  stresses  of  the  order  of  240  MPa  (348OO  Ibf/in^). 

3.4  Hot  Pressed  Silicon  Nitride  (HPSN)  Tiles 

The  plain  inner  faces  of  each  of  six  specimens  was  heated  to  a mean  temperature  of  890°C  (1634°F) 
whilst  the  outer  faces  were  cooled  generally  to  800°C  (l472°P).  Hot  streaks  were  superimposed  in  steps  from 
900°C  to  1350°C  (1652°P  to  2462°P).  No  failures  were  Induced  in  any  component.  Gradients  through  the  tile 
thickness  were  quite  severe  since,  when  the  inner  face  was  at  1350°C  (2462°P),  the  outer  face  was  at  1050°C 
(1922°P)  i.e.  300°C  (572°P)  over  7,6  mm  (0.3  in). 
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TABLE  II 


TEST  RESULTS  ON  FSR  RBSH  RING  SPECIHENS 


Specimen 


Ring 

Thicloiess 

Tejiprrature  Differential 
thro*  mtl.  Thickness 

Peak  1 
Stress 

Fa i lure 
Stress 

min 

(ins) 

Withstood  Without 
Failure 

Failure  Condition 

Appl led 
MPa 

(ibf/in^ 

MPa 

( Ibf/irf) 

7,6 

(0.3) 

125‘'C  (257°F) 

As  differential 
was  being  inc- 
reased to  150®C 
(302°F) 

61.2  to 
73.4 
(8875  to 
10640) 

61.2  to 
73.4 

(8875  to 
j IO640) 

7,6 

(0.3) 

150°C  (302°F)+ 
hot  spot  of 
1250°C  (2282  F) 

On  removal  of 
hot  spot  with 
differential 
maintained,  at 

90^^  to  where 
hot  spot  was 
applied 

142 

(20590) 

1 73.4 

(10640) 

7,6 

(0.3) 

125°C  (257°F) 

As  differential 
was  being  inc- 
reased to  150  C 
(302°F) 

61.2  to 

73.4 

(8875  to 
10640) 

61.2  to 

73.4 

(8875  to 
10640) 

5,1 

(0.2) 

100°C  (212°F)+ 
broad  hot  spot 
of  1 200°C 
(2192°F) 

On  retest  as 
differential 
, was  being  inc- 
reased from 

125°C  (257°F)  to 
150°C  (302°P) 

118.7 

(17210) 

61 .2  to 
73.4 

(8875  to 
10640) 

5,1 

(0.2) 

1 

100°C  (2120P)+ 
hot  spot  of 
1100°C  (2010°F) 

As  hot  spot  was 
being  increased 
to  1200°C  (2192°F) 

127 

(18415) 

127 

(18415) 

5,1 

(0.2) 

100°C  (212°F) 

+ hot  spot  of 
1250°C  (2282°P) 

On  retest  with 
hot  spot  in  new 
position 

120 

(17400) 

120 

(17400) 

4.  DESIGN  STANDARD 

Whilst  proving  tests  on  both  rings  and  tiles  in  HPSN  showed  both  to  be  capable  of  withstanding  thermal 
conditions  more  severe  than  those  anticipated  in  service,  the  stacked  ring  concept  was  preferred  for  the 
following  reasonsi- 

(a)  The  potentially  lower  manufacturing  cost. 

(b)  The  elimination  of  the  sealing  problems  inherent 
with  the  tile  construction. 

(c)  The  simpler  mounting  to  the  engine  pressure  casing. 

(d)  The  elimination  of  the  flame  tube  annulus  blockage 
present  in  the  tile  design. 


Consequently  a prototype  stacked  ring  type  annular  flame  tube  was  constructed  for  combustion  testing 
on  a pressure  rig  (figure  1). 

Concentric  stacks  of  HPSN  rings  (items  2 to  6 and  8 to  12  inclusive  in  Figure  2)  formed  the  inner  and 
outer  walls  of  the  flame  tube.  The  head  ring  (item  l)  has  holes  for  Lucas  fan  sprayers.  The  rear  disc 
(item  7)  ic  butted  to  the  outer  ring  stack  and  has  a ceramic  piston  ring  sealing  joint  to  the  inner  casing. 
These  latter  components  were  tested  in  both  FSR  RBSN  and  a "low  calcium"  form  of  HPSN. 

The  design  accommodates  differential  thermal  expansion  between  the  ceramic  flame  tube  and  the  metal 
casing  by  means  of  an  intersecting  Interface  principle,  the  success  of  which  had  been  shown  on  earlier  work 
at  Lucas  on  a monolithic  pipe  chamber.  Transient  temperature  casing  conditions  are  accommodated  by  the 
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inclusion  of  constant  load  spring  washers  in  a cooler  area  of  the  arrangement.  By  slippage  at  the 
interface  a sensibly  constant  clamping  pressure  can  be  maintained  throughout  the  temperature  range. 

Consequently,  the  compression  mounting  load  merely  needs  to  be  of  sufficient  magnitude  to  ensure  that 
the  components  are  kept  in  position  during  vibration  and  mechanical  shock  loading.  Such  movement  can  be 
minimised  in  the  case  of  stacked  rings  by  angling  the  faces  in  contact.  An  additional  advantage  is  gained 
with  angled  faces  in  the  event  of  a ring  cracking  in  service,  the  radially  inward  component  of  the  end  load 
tends  to  hold  the  cracked  ring  in  position. 

Since  the  head  ring  (item  1 ) is  a slide  fit  within  the  first  outer  ring  (item  2)  compressive  end 
loading  can  be  independently  introduced  to  both  ring  stacks,  thus  facilitating  assembly. 

The  combustion  chamber  volume  and  casing  geometry  was  chosen  to  give  a conservative  combustion  intensity 
and  allow  flexibility  of  design  in  silicon  nitride.  Established  parameters  in  the  design  of  small  annular 
chambers  were  used  within  the  constraints  imposed  by  the  preference  to  introduce  air  into  the  flame  tube 
through  slots  at  the  edges  of  rings.  Based  on  experience  with  other  designs  the  required  flow  pattern  was 
achieved  by  introducing  the  primary  air  through  the  outer  wall  of  the  flame  tube  (item  3,  Figure  2),  and  to 
use  an  opposed  dilution-hole  system  (items  5 and  11,  Figure  2)  to  achieve  the  desired  exhaust  temperature 
distribution.  The  arrangement  was  compatible  with  the  use  of  fan-spray  fuel  injectors  of  the  type  developed 
by  Lucas  for  this  type  of  small  annular  chamber. 

5.  COMBUST lOH  TESTING 

5.1  Operating  Conditions 

The  target  full  load  operating  conditions,  corresMnding  to  sea  level  static  ISA  conditions  included 
a turbine  entry  temperature_  of  at  least  H73  K (2192  F)  at  an  inlet  pressure  approaching  that  of  an  engine 
with  a 4:1  compression  ratio. 

5.2  Description  of  Testa  and  Results 

Seven  combustion  tests  were  carried  out  occupying  a total  running  time  of  5 hours  20  minutes,  the 
operating  conditions  and  the  duration  of  each  test  is  given  in  Table  III,  test  7 achieving  the  target 
operating  conditions. 

In  all  tests  a combustion  preheater,  upstream  of  the  flame  tube  under  test,  was  operated  for  sufficient 
time  to  allow  the  temperature  of  the  arrangement  to  reach  the  operating  inlet  temperature  of  473  K (392°F) 
before  ignition  within  the  ceramic  flame  tube  was  attempted. 


TABLE  III 

TEST  OPERATING  CONDITIONS 


Test 

No. 

Air  Hass 
Flow 

kg/s  (ib/s) 

Fuel  Flow 
kg/s  (ib/s) 

Air/Puel 

Ratio 

Inlet 

Pressure 
kPa  (ibf/in^abs) 

Chamber 

Exit 

Temp 

K (Of) 

Duration 

Hins. 

1 

0,904 

(1,99) 

0,01 

(0.02) 

90,4:1 

393 

(56.9) 

'IBSI 

30 

2 

mm 

0,008 

(0.017) 

87,9:1 

241 

(34.9) 

800 

(980) 

25 

3 

0,59C 

(1.30) 

0,008 

(0.017) 

73,7:1 

■- 

30 

B 

0,987 

(2.17) 

0,019 

(0.04) 

51,9:1 

395 

(57.3) 

1143 

(1598) 

55 

5 

1,02 

(2.25) 

0,025 

(0.055) 

40,8:1 

1273 

(1832) 

60 

6 

1,01 

(2.22) 

0,027 

(0.059) 

37,4!l 

396 

(57.4) 

1200 

(1700) 

30 

fl 

0,997 

(2.20) 

0,033 

(0.073) 

30,4:1 

m 

90 

Testa  1 to  4 inclusive  were  terminated  when  flame  colour-changes  indicated  ingress  of  air  throu^  cracks. 
In  each  case  the  rear  disc  (item  7,  Figure  2)  was  found  to  be  fractured.  Extensions  to  the  programme  of 
brittle  failure  analysis  were  now  available  for  application  to  these  failures  and  pieces  of  the  rear  disc 
from  Test  4 were  used  to  establish  material  strength.  The  stress  analysis  programme  was  applied  to  this 
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component  revealing  high  thermal  circumferential  stresses  on  the  periphery  of  the  components,  particularly 
at  full  load  conditions  - Figure  3. 

A brittle  failure  analysis  at  the  test  4 failure  conditions  showed  failure  stress  ratios,  defined  as:- 

Predicted  Maximum  Stress  for  30^  Probability  of  Survival 
Estimated  Maximum  Stress  at  Test  Failure  Condition 

at  VIeibull  moduli  of  10  and  15  to  be  0,95  and  1,08  respectively.  Material  property  data  established  from 
the  fajled  component  showed  mean  values  of  Modulus  of  Rupture  between  255  and  390  MPa  (36975  and  56550 
Ibf/i  n”^)  with  iieibull  modulus  between  5 and  17.  This  analysis  is  consis.  nt  with  the  failures  experienced 
and  olsarly  indicated  the  need  for  design  revision. 

Meanwhile  tests  5 and  6 were  carried  out  using  a skin  cooled  Nimonio  rear  disc  and  higher  chamber  exit 
temperatures  were  achieved  although  failures  of  the  head  ring  (item  1,  Figure  2)  were  now  experienced. 

Details  of  the  test  duration  and  condition  of  each  ceramic  item  are  given  in  Table  IV. 

Examination  of  the  effect  of  slotting  the  rear  disc  from  the  inside,  showed  sufficiently  high  stresses 
in  the  outer  periphery  to  still  predict  component  failure.  The  critical  failure  stresses  consist 
predominantly  of  hoop  stresses  on  the  outer  periphery,  and  since  these  would  certainly  be  eliminated  by 
slotting  from  the  outside,  both  rear  disc  (item  7)  and  head  ring  (item  1)  components  were  produced  to  this 
design  in  FSR  RB3N  for  test  7. 

In  this  test  a chamber  exit  temperature  of  1515  K (2267°F)  was  achieved  for  30  minutes  during  a total 
running  time  of  1 hour  30  minutes.  The  temperature  quoted  is  the  mean  of  readings  taken  from  thermocouples, 
situated  in  the  exhaust  gases,  which  gave  readings  from  1482  K to  1548  K (2208°F  to  2327°F).  Strip  down 
revealed  that  the  rear  disc  had  cracked  in  a number  of  places  and  one  piece,  of  maximum  dimension  42  mm 
(l.65  in),  had  become  detached.  The  fracture  pattern  was  such  that  the  remainder  of  the  disc  was  retained 
in  place  until  the  strip  down  was  carried  out. 

Subsequently  test  bar  controls  nitrided  with  the  disc  were  shown  to  have  a strength  of  only  151  MPa 
(21900  Ibf/in^)  and  miorostruoture  examination  showed  extensive  thick  skins  of  silicon  oarbide/silicon 
oxynitride  material  in  components  and  bars.  The  presence  of  such  a skin  has  been  shown  to  drastically 
reduce  the  strength  of  components  (4). 

Of  the  remaining  11  ceramic  components,  9 were  undamaged  and  2 were  found  to  be  cracked.  The  first 
outer  ring  (item  2,  Figure  2)  had  one  longitudinal  crack  emanating  from  a mounting  pad  cut-out,  and  the 
head  ring  (item  1,  Figure  2)  had  radial  and  circumferential  cracks  for  two  thirds  of  its  circumference. 

6.  SUMMARY  OF  TEST  RESULTS 

A total  of  5 hours  20  minutes  combustion  testing  was  carried  out  on  a pressure  rig  in  the  full  programme 
of  seven  tests.  Of  the  12  ceramic  components  making  up  the  flame  tube  assembly,  seven  were  used  in  all  tests 
without  showing  signs  of  deterioration. 

The  initial  failures  experienced  in  the  head  ring  and  rear  disc  (items  1 and  7,  Figure  2)  were 
attributable  to  excessive  circumferential  hoop  stress,  and  the  re-design  of  these  components  reduced  the 
maximum  predicted  stress  levels  to  the  order  of  10  MPa  and  13,8  MPa  respectively  (l450  Vot/ix?  and 
2000  Ibf/in^).  The  subsequent  failures  of  these  re-designed  components  showed  that  even  these  low  stress 
levels  were  greater  than  the  components'  "large-volume"  strength  which  had  been  reduced  by  the  presence  of 
silicon  oarbide/silicon  oxynitride. 

Three  failures  (items  2 and  3,  Figure  2)  resulted  when  cracks  propogated  from  areas  of  potentially 
higher  stress  in  regions  where  local  machining  features  give  rise  to  stress  raisers.  Two  of  these  failures 
were  on  "low  calcium"  HPSN  material  which  had  been  shown  to  have  regions  of  lower  strength  due  to  pressing 
cracks. 

7.  CONCLUSIOMS 

7.1  A silicon  nitride  flame  tube  has  beer  designed,  and  combustion  tested  to  a turbine  entry  temperature 
in  excess  of  1500  K (2240  P),  operating  for  30  minutes  at  the  design  condition. 

7.2  Seven  of  the  12  components  making  up  the  flame  tube  assembly  survived  the  total  of  seven  combustion 
tests  of  5 hours  20  minutes  duration.  These  components  were  all  in  fully  machined  hot  pressed  silicon 
nitride  produced  by  Lucas  Group  Research  Centre. 

7.3  The  greatest  number  of  failures  occurred  on  the  two  most  complex  components,  namely  the  head  ring 
(four  failures)  and  the  rear  disc  (five  failures).  Subsequent  re-design  reduced  the  stress  levels 

in  these  components  to  trivial  levels  but  failures  again  occurred  which  wore  directly  attributable  to 
material  inhomogeneity, 

7.4  Simulated  structural  bench  tests  undertaken  in  this  programme  were  useful  in  highlighting  local  design 
features  acting  as  stress  raisers  and  these  were  largely  eliminated  i.n  the  design  which  was  combustion 
tested. 

7.5  The  programme  revealed  the  requirement  for  manufacturing  development  of  all  but  the  simplest  type  of 
components.  However  the  work  carried  out  in  this  programme  provides  a valuable  basis  for  future 
comparison  with  improved  ceramic  materials  and  different  manufacturing  routes. 
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7.6  The  programme  has  demonstrated  that,  however  valuable  material  coupon  tests  are  in  broadly 
characterising  materials,  it  is  essential  that  actual  components  should  be  manufactured  and  exposed  to 
the  combustion  chamber  environment  if  a realistic  assessment  is  to  be  made. 

7.7  Providing  consistent  material  properties  and  manufacturing  techniques  for  silicon  nitride  can  be 
developed  this  programme  demonstrates  that  the  design  of  a specific  ceramic  combustion  chamber  for 
a typical  present  generation  small  gas  turbine  is  a practical  possibility. 
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TABLE  IV 

TEST  DURATIOH  AND  COHDITIOS  Of  CERAMIC  COMPOKENTS  AfTER  TEST 
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FIG.  I.  COMBUSTION  RIG  CASING  AND  CERAMIC  COMPONENTS. 
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FIG.2.  STACKED  RING  ANNULAR  FLAME  TUBE. 
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DISCUSSION 


R.Eggebrecht,  Germany 

First  of  all,  1 would  like  to  comment  that  you  have  presented  a very  interesting  engineering  design  approach  for 
application  of  ceramic  materials  for  this  type  of  annular  reverse  flow  combustor.  My  question  refers  to  the  rear 
disc  failure  you  have  shown  in  one  of  your  pictures.  Can  you  explain  the  test  cycle  you  have  applied?  It  is  right 
to  say  that  this  failure  occurred  under  mainly  steady  state  conditions  as  your  presentation  suggests? 

Author’s  Reply  « _ ' 

In  an  attempt  to  achieve  the  first  prime  target  of  operation  at  a turbine  entry  temperature  of  1200°C  the  test  cycles 
consisted  of  increases  in  air  and  fuel  flows,  after  ignition,  to  increase  T.E.T.  Consequently,  rear  disc  failures 
occurred  under  conditions  when  temperatures  were  increasing.  Those  quoted  in  Table  III  of  the  paper  are  the  TET 
levels  at  which  failure  occurred. 
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Systematic  Studies  of  Heat  Transfer  and  Film  Cooling  Effectiveness 

J.  F.  Louis* 

Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  U.S.A.  02139 


ABSTRACT 

A review  is  given  of  studies  in  heat  transfer  and  film  cooling  effectiveness 
at  MIT.  The  purpose  of  these  studies  is  to  develop  an  in-depth  understanding  of 
heat  transfer  and  film  cooling  in  gas  turbines.  A common  experimental  procedure  is 
described  for  heat  transfer  measurements  under  Isothermal  wall  conditions  using 
fast  response  heat  transfer  gauges  in  tests  conducted  in  a shock  tunnel  and  a blow- 
down facility.  The  tests  were  conducted  at  flow  and  thermodynamic  conditions 
modeling  the  operating  conditions  of  advanced  gas  turbines.  The  configurations 
under  study  were  single  slot,  single  line  of  holes,  double  line  of  holes  on  a flat 
plate,  and  double  line  of  holes  on  an  airfoil. 

I . Introduction 

High  performance  gas  turbines  require  high  turbine  inlet  temperatures  while 
maintaining  the  skin  of  exposed  components  at  relatively  low  temperature  for  long 
life  expectancy. 

This  low  skin  temperature  can  be  obtained  by  a combined  use  of  internal 
convection  cooling  and  of  an  external  thermal  barrier  in  the  form  of  a film  of  cool 
air,  covering  the  skin  of  exposed  components.  The  design  of  such  turbines  re- 
quires detailed  information  on  the  heat  transfer  distribution  and  aerodynamics  of 
highly-loaded  stages,  and  on  the  effectiveness  of  the  film  thermal  barrier.  This 
film  can  be  obtained  by  blowing  air  through  a porous  surface,  a slot,  or  an  array 
of  holes.  The  first  technique,  transpiration  cooling,  requires  relatively  small 
cooling  flows.  The  momentum  of  the  blown  air  is  negligible  compared  to  the  main 
stream  momentum  and  boundary  layer  theory  can  be  applied  to  determine  the  thermal 
effectiveness  of  the  film.  However,  the  technological  implementation  of 
transpiration  cooling  has  met  severe  difficulties,  and  the  second  technique  of  film 
cooling  has  found  many  applications  in  advanced  gas  turbines.  Since  the  air  is 
Injected  through  a limited  number  of  orifices,  often  at  an  angle  to  the  wall, 
momentum  of  the  Injected  flow  is  not  negligible  compared  to  the  main  flow  and 
boundary  layer  theory  cannot  be  applied  to  this  case.  New  analytical  and 
experimental  information  is  tte.eforc  needed  to  determine  the  effectiveness  of  the 
film  thermal  baitlei  obtainec  by  t wide  variety  of  Injection  configurations. 

Engine  per f mance  optlmliatlon  depends  critically  on  the  selection  of  an 
effective  coolir»>  .:onf  Igur  at  ion  and  i detailed  understanding  of  heat  transfer  to 
turbine  components.  A systematic  study  of  relevant  heat  transfer  and  film  cooling 
effectiveness  is  described  in  this  paper,  which  covers  (1)  analytical  and 
experimental  studies  of  a wide  variety  of  film  cooling  configurations,  (2) 
experimental  and  analytical  predictions  of  heat  transfer  over  highly-loaded 
profiles,  and  (j)  film  cooling  effectiveness  over  a subsonic  profile.  Short 
duration  studies  using  a shock  tunnel  and  hot  blow-down  facilities'  ' provide  a 
practical  and  flexible  means  to  acquire  the  necessary  experimental  information 
while  providing  good  modeling  of  the  flow  and  temperature  fields. 

II . Bxperiswntal  Approach 

A.  Adiabatic  and  Isothermal  Wall  Heat  Transfer 

Heat  transfer  measurements  are  conventionally  referred  to  adiabatic 
conditions.  The  determination  of  heat  transfer  rate  requires  the  knowledge  of  film 
coefficient  and  of  an  adiabatic  wall  temperature  (Tg,])  . The  heat  transfer 
coefficient  is  determined  for  the  case  of  no  injection  and  a well-developed 
boundary  layer.  An  adiabatic  wall  effectiveness  is  defined  as 


where  T and  T are  the  main  stream  and  coolant  temperatures.  This  adiabatic 
approach  is  crtrect  when  the  ratio  of  the  main  stream  to  film  temperatures  is  close 
to  one.  In  advanced  gas  turbines,  heat  diffusion  brings  metal  temperatures  closer 
to  an  isothermal  temperature  distribution  rather  than  an  adiabatic  one.  In  the 
P^*****®®  angular  injection  and  high  main  flow  to  coolant  temperature  ratios,  and 
in  close  vicinity  to  the  injection  point  where  large  gradients  of  flow  properties 
exist,  the  validity  of  using  adiabatic  wall  information  to  determine  heat  loads  to 
the  cooled  surfaces  is  in  doubt,  thus  requiring  the  investigation  of  heat  transfer 
phenomena  by  directly  measuring  heat  transfer  under  correctly  modeled  turbine 
conditions.  This  need  provides  the  justification  to  refer  the  data  to  Isothermal 
conditions.  Under  these  conditions,  the  heat  transfer  rate  is 


Q/A  = h(T^  - T„) 

*Professor  of  Aeronautics  and  Astronautics 
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where  Tu  is  the  temperature  of  the  isothermal  wall  and  the  isothermal  effectiveness 
is  defined 

hiso  “ i “ Qc/®o 

where  heat  transfer  with  cooling  and  Q.  is  the  heat  transfer  at  the  same 

condition  without  cooling.  The  isothermal  effectiveness  represents  the  capacity  of 
the  thermal  barrier  provided  by  the  film  to  reduce  the  heat  transfer. 

Adiabatic  and  isothermal  effectivenesses  are  related  bv 

n,  =i-h/h(i+nw 
Iso  c o ' ad  T_  - T ' 

“ w 

when  h(.  and  h^  ate  the  film  coefficients  with  and  without  cooling. 

B.  Experimental  Techniques 

Unsteady  heat  transfer  measurements  under  steady  flow  conditions  provide  the 
advantages  of  relatively  simple  heat  transfer  measurements  of  short  duration,  and 
of  flexibility  in  modeling  actual  gas  turbine  operating  conditions.  To  model  gas 
turbines,  one  needs  a high  enthalpy  flow  for  the  mainstream  and  a low  enthalpy  flow 
for  the  coolant.  By  scaling  the  temperatures  of  these  flows  and  the  skin 
temperature  from  the  actual  turbine  conditions  and  matching  Reynolds,  Hach  and 
Prandtl  numbers,  a fairly  representative  model  can  be  obtained  for  the  heat 
transfer  and  cooling  problems. 

The  experimental  technique  used  is  to  establish  the  high  and  low  enthalpy 
flows  concurrently  in  a stepwise  fashion  for  a duration  short  enough  to  render  wall 
temperature  changes  minimal  so  that  heat  fluxes  can  be  measured. 

The  short  duration  necessitates  the  use  of  fast  response  Instrumentation  such 
as  thin-film  gauges,  calorimetric  gauges,  and  Kistler  pressure  transducers. 

C.  Apparatus 

A shock  tunnel  and  a blow-down  facility'^'  are  used  for  these  tests.  The 
shock  tunnel  is  used  to  obtain  basic  data  on  film  cooling  effectiveness  over  flat 
and  curved  plates.  The  blow-down  facility  can  be  used  either  in  conjunction  with  a 
cascade  or  with  a rotating  turbine  rig  to  determine  distribution  of  heat  transfer 
rates  and  film  cooling  effectiveness  over  blade  profiles,  end  walls,  and  turbine 
shrouds . 

The  shock  tunnel (Figure  1)  is  attached  to  a 3"  shock  tube  through  an 
accelerating  nozzle.  At  the  downstream  end  of  the  plexiglass,  constant  area  (2  in 
X 7/8  in),  tunnel,  a choked  nozzle  controls  the  Hach  number.  The  steady  flow  test 
time  is  approximately  10  ms,  whereas  the  time  to  establish  flow  is  1 ms.  For  those 
short  durations  tests  of  the  order  of  10  ms,  the  plexiglass  walls  have  large  enough 
thermal  inertia  to  limit  their  temperature  rise  to  less  than  l^F,  thus  not 
offsetting  the  isothermal  wall  boundary.  Various  configurations  of  coolant  holes 
(or  slots)  on  the  tunnel  walls  are  connected  to  a coolant  flow  supply  plenum.  The 
location  of  the  holes  (or  slots)  provides  a local  flow  Reynolds  of  3 x 10^.  The 
coolant  flow  is  prepurified  nitrogen,  which  is  cooled  by  passing  it  through  a 
copper  coil  immersed  in  a bath  of  liquid  nitrogen.  The  introduction  of  the  coolant 
is  synchronized  with  the  rupture  of  the  shock  tube  diaphragm.  Arrays  of  thin-film 
gauges  are  located  downstream  of  the  injection  point  to  determine  the  heat  transfer 
rate  as  a function  of  distance. 

The  Hot  Blow-down  Facility (Figure  2)  consists  of  ait  supply  system  storing 

400  lbs  of  air  at  2400  psi,  dome-loading  type  pressure  regulators,  a 6 ft  long  and 

1.5  ft  diameter  pebble  bed  heater  filled  with  3500  lbs  of  stainless  steel  balls  and 

a filter  trap.  The  facility  has  two  legs,  each  consisting  of  a diaphragm  section, 
a metering  throat,  a pressure  reducing  section  utilizing  of  a supersonic  nozzle  and 
diffuser,  and  a transitional  piece  leading  in  one  leg  to  the  turbine  rig  and  in  the 
other  leg  to  the  cascade.  The  tests  are  typically  less  than  1 s,  whereas  steady 
flow  is  established  after  0.15s.  The  heat  transfer  rate  is  measured  by 
calorimetric  gauges,  a thin  aluminum  or  copper  disc  (0.5  mm  thick)  embedded  in  a 
teflon  cap  with  a thermocouple  joined  to  its  back. 

E.  Similarity  Laws 

The  flow  modeling  used  in  the  above  facilities  can  easily  be  determined.  The 
short  operating  time  makes  it  reasonable,  first,  to  assume  an  Isothermal  wall 
model,  and,  second,  to  scale  down  the  operational  temperature  of  the  metal  surface. 
Top,  to  room  temperature,  Tn,  by  the  temperature  scaling  factor,  S « Top/Tp. 

^ Matching  up  experimental  Reynolds  and  Mach  numbers  to  those  of  the  actual 
engine  conditions,  one  obtains 


‘’op  ''op''o 


where  L is  the  scale  length,  and 


V / (y  , R T )' 
op  op  op  op 


if  the  Prandtl  numbers  of  the  two  conditions  are  the  same. 
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Assuming 


where  n is  a number  like  0.5  to  0.7,  one  obtains 


The  scaling  implies  that  if  room  temperature  is  used  to  model  turbine  components, 
temperatures  which  are  as  high  as  1650°P,  the  temperature  scaling  factor  would  be 
4.  If  the  length  scale  is  kept  the  same  and  n • 0.64,  the  pressure  would  be 
reduced  by  the  ratio,  P^n/Pr  “ = 4.86.  For  the  tests  with  film  cooling,  the 

temperature  of  the  coolant  is  reduced  by  the  ratio  S - 4. 


Ill . Film  Cooling  Effectiveness 

As  mentioned  before,  engine  designs  geared  to  long  life  do  not  presently  use 
transpiration  cooling,  seldom  use  injection  parallel  to  the  mainstreeun  and,  in  most 
cases,  use  injection  at  an  angle  to  the  mainstream.  As  a reference,  however,  the 
state  of  understanding  of  parallel  injection  will  be  reviewed  briefly.. 


A.  Parallel  injection 

Vftien  the  film  is  Injected  parallel  to  the  main  flow,  turbulent  mixing 
dominates  the  interaction  between  the  two  streams.  Downstream,  the  mixed  layer  is 
dominated  by  the  wall  shear  stress,  therefore,  by  suitable  balance  of  both  energy 
and  mass  for  the  mixed  streams,  Stollery  and  El  Ehwany , and  Leonte''  and 
Kutateladze have  derived  the  following  relation: 


applicable  for  x>>s,  where  s is  the  slot  height,  with  a “ 3.03  in  reference  2,  and 
a = 3.1  in  reference  3,  where  is  the  Reynolds  number  based  on  coolant 
conditions . 

This  theoretical  relationship  compares  favorably  with  the  test 
results for  data  obtained  far  downstream,  but  the  scatter  becomes 
appreciable  in  the  region  closer  to  the  injection  point.  In  the  vicinity  of  the 
injection  point,  the  mixing  is  dominated  by  the  local  vorticlty  field  and  this 
local  phenomenon  is  not  Included  in  the  above  theoretical  formulation. 


B.  Film  Cooling  with  Angular  Injection 

When  a film  is  injected  at  an  angle  to  the  mainstream  from  a well  to  provide  a 
thermal  barrier  over  a section  of  wall,  it  undergoes  two  determining  processes:  a 
viscous  interaction  and  a pressure  interaction.  The  viscous  interaction  results  in 
the  turbulent  mixing  of  the  two  streams.  The  pressure  interaction  exists  since  the 
momentum  of  the  injected  flow  normal  to  the  wall  is  commensurable  with  the  main 
stream  momentum.  The  pressure  gradient  normal  to  the  wall  near  the  Injection  point 
is  significant  and  boundary  layer  theories  are  no  longer  applicable. 

Further,  for  values  of  the  injection  parameters  normal  to  the  wall,  the 
boundary  flow  separates  at  the  Injection  point  and  forms  a separation  bubble  just 
downstream  of  the  inje'  lion  point.  The  evidence  for  the  existence  of  the  boundary 
layer  separation  at  ' injection  point  and  the  formation  of  a separation  bubble 
are  several: 

1.  This  separation  is  theoretically  expected  when  the  criterion  determined  by 
Kutateladze  and  Leontev*'’  is  applied  to  the  conditions  of  film  cooling  with 
angular  Injection.  This  criterion  indicates  that  separation  will  occur  when  the 
normal  mass  injection  parameter 

(p-U-)y 

" ■ > 2 c. 


where  C,  is  the  skin  friction  coefficient  in  the  absence  of  coolant,  and  y refers 
to  the  direction  normal  bo  the  wall.  , For  a flow  Reynolds  number  at  the  injection 


2 X 510”^,  and  this, criterion  would  indicate  that 


point  of  R * 3 X iS”,  '-fo  ■ Z X axe  anu  tuxs-cx  xlvl  XWII  wuuxx,  xnuxwaxc  xiiax 

separation  is  likely  to  Occur  when  “ >>  5 x 10"^,  i.e.,  for  a typical  angle  of 

injection  of  30°,  separation  would  occur  for  a value  of  the  total  mass  injection 
parameter . 


> o.r 


Practical  values  of  the  Injection  parameter  are  generally  appreciably  larger  than  m 

- 0.1. 

2.  The  existence  of  a separation  bubble  downstream  of  30°  slot  was 
demonstrated  by  dye  and  hydrogen  bubble  visualization  techniques  in  a water 
tunnel <8 ).  The  study  Indicated  that  the  length  of  the  separation  bubble  was 
proportional  to  the  momentum  ratio 
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The  flow  visualization  also  indicated  the  appearance  of  streamwise  vortices  having 
consecutive  opposite  directions  of  rotation.  This  vorticity  results  from  the 
coupling  between  the  injected  flow  and  its  streamwise  velocity.  The  vortical 
motion  has  the  effect  of  enhancing  the  mixing  of  the  coolant  with  the  mainstre£un  as 
evidenced  by  the  presence  of  fluid  elements  in  the  separation  bubble.  The  study 
also  indicated  that  the  vortices  persisted  far  downstream. 

3.  Measurements  of  heat  transfer  coefficient  (Figure  3)  downstream  of  a 30° 
injection  slot  on  a curved  wall  indicated  that  the  heat  transfer  coefficient  goes 
through  a maximum  close  to  the  injection  for  a given  value  of  the  injection 
parcuneter.  This  maximum  can  be  explained  by  the  existence  of  the  separation  bubble 
in  which  hot  gas  is  being  entrained. 

4.  Measurements  of  heat  transfer  rate  at  the  trailing  edge  of  a plate 
indicate that  the  isothermal  effectiveness  measured  at  the  trailing  edge  can  be 
severely  reduced  (Figure  4)  by  locating  the  coolant  injection  slot  at  a distance 
shorter  than  the  reattachment  joint  of  the  separation  bubble  (Figure  5) . The 
separation  bubble  is  observed  in  the  range  of  mass  injection  up  to  values  of  m,  for 
which  complete  separation  of  the  boundary  layer  occurs. 


Film-Cooling  Effectiveness  for  Angular  Injection 

A comprehensive  experimental  program'-*-"'  has  been  undertaken  to 

investigate  different  film  cooling  configurations  of  slots,  single  and  double  line 
holes  for  different  streamwise  and  crosswise  angular  injection. 

Figure  6a  is  a representative  layout  of  the  flat  plat  used  in  the  shock  tunnel 
for  the  evaluation  of  film-cooling  effectiveness.  The  injection  scheme  uses  a 
double  lihe  of  holes  which  make  an  angle  with  the  streamwise  direction  and  a, 
with  the  crosswise  direction.  Thin-film  heat  transfer  gauges  are  located  at 
different  distances  corresponding  to  different  values  of  the  ratio  of  the 
streamwise  distance  (x)  to  the  hole  diameter.  These  gauges  provide  an  average 
local  heat  transfer  rate,  whereas  the  gauges  located  at  x/D  > 27  are  used  to 
measure  the  crosswise  variation  of  effectiveness.  Most  of  the  tests  were  conducted 
at  a stagnation  temperatue  of  1000°R  and  10  psia  stagnation  pressure,  which 
simulated  the  inlet  conditions  4000°R  and  175  psia  of  an  advanced  gas  turbine.  The 
Mach  number  was  typically  M = 0.5  and  the  coolant  temperatures  were  220°R,  310°R, 
400OR  and  500°R.  The  mass  injection  parameter  was  varied  between  0.1  to  1.6.  The 
streamwise  angles  used  were  10°,  20°  and  30°  and  the  crosswise  angles  used  were  0°, 
30°,  50°,  70°,  and  90°. 

The  influence  of  the  different  configuration  parameters  can  be  assessed. 

1 . Effect  of  the  Crosswise  Angle  for  Holes 

The  cross-stream  injection  angle  does  not  affect  the  film  cooling  effectiveness 
over  a flat  plate  to  any  great  degree.  Its  influence  is  limited  to  the  area  just 
downstream  of  the  injection  point  as  indicated  by  the  film  effectiveness  foot- 
prints^^l),  e.g.,  (Figure  6b),  measured  for  CI2  “ ^°'^  different  values  of 

the  mass  Injection  parameter,  in  the  region  close  to  the  hole,  the  coverage 
increases  with  the  crosswise  width  of  the  hole. 

2 . Influence  of  the  Distribution  of  Holes 

Data  of  film  effectiveness  were  correlated  by  using  the  concept  of  equivalent 
slot  width,  which  is  the  width  of  a slot  which  would  pass  the  same  amount  injection 
mass  flow  as  the  single  or  double  line  of  holes. 

Figure  7 gives  the  general  correlation  found  for  single  and  double  lines  of 
holes  with  oij  varying  from  0°  to  90°  using  the  conceot  of  equivalent  slot  width  in 
the  parameter  , 


where  B is  a constant,  is  the  square  root  of  the  momentum  ratio  and  R^^  is  the 
Reynolds  number  based  on  the  injection  conditions. 

3 . Slot  versus  Hole  Injection 

As  seen  in  Figure  8,  the  film  cooling  effectiveness  of  hole  injection  is 
sharply  lower  than  injection  through  a slot,  corrected  for  equivalent  coolant  mass 
flow  introduced  to  form  the  film.  By  observing  that  the  mixing  area  for  a hole  is  II 
times  larger  per  unit  length  of  slot,  the  correlation  parameter  A was  corrected  by 
this  amount  for  data  related  to  holes  in  other  words  n*  « 1.0  for  a slot  and  n*  ■ H 
for  hole  injection.  With  this  change  in  the  correlation  parameter,  the  hole  data 
aligned  with  the  slot  data  quite  well  (Figure  9).  The  best  overall  agreement  is, 
however,  obtained  when  the  factor  H*  is  raised  to  the  power  1.41. 

4 . Overall  Correlation 

With  the  incorporation  of  this  parameter  and  the  temperature  ratio  0 ■ Tg/T„, 
the  best  correlation'^^'  is  obtained  for  both  holes  and  slots,  with  the  group 
which  reduces  to 


The  best  overall  correlation  of  slot  and  holes  data  obtained  for 
(Figure  10)  is,  therefore,  obtained  against  the  group 

, . ,*1.41  ^ -1.35 


20*^ 


x/s 


eq 


2 o 

Previous  film  cooling  data  for  values  of  • 10,  20,  30”  have_ indicated  a 
oependence  of  the  effectiveness  on  the  parameter  (K_  cos^  oi  )“^.'^°.  However,  more 
data  (over  a wider  angular  range)  are  needed  to  validate  this  correlation  fully. 


• i--,  : 
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Mathematical  Modeling  for  Angular  Injection 

The  experiments  provide  a good  insight  in  the  fluid  mechanics  of  the  film  with 
angular  injection  and  an  attempt  was  made  to  model  the  film  downstream  of  a 
slot'  As  shown  before,  the  flow  emerging  from  a slot  at  mass  injection 

parameters  between  0.1  and  1.0,  undergo  both  mixing  and  strong  dyneunic  effects  at 
the  injection  point.  The  dynamic  interaction  results  in  the  formation  of  a 
separation  bubble.  Within  the  bubble  a circulation  pattern  entrains  coolant  near 
the  reattachment  point  while  some  of  the  bubble  gas  is  entrained  by  the  coolant 
near  the  injection  point.  Further,  the  curved  interface  between  the  coolant  and 
the  hot  gas  is  unstable  and  streamwise  vortices  of  the  Gortler  type  ate  generated. 

Downstream  of  the  injection  point,  both  turbulent  and  vortical  mixing  occur. 
Because  of  the  strong  dynamic  interaction  in  the  vicinity  of  the  injection  point 
and  of  the  vortical  mixing  downstream,  the  boundary  layer  theory  cannot  be 
applied  except  very  far  downstream  of  the  injection  point,  a region  of  little 
interest  in  film  cooling. 

Consequently,  a mathematical  model  has  to  use  integral  forms  of  the  momentum 
and  energy  equations  together  with  a relation  describing  the  mixing  of  the  main 
flow  with  the  coolant.  In  reference  10,  the  mixing  is  modelled  by  an  entrainment 
mass  flow  rate  in 

%t  " ^ “o  K ■ “eff> 


where  the  first  term  models  entrainment  due  to  the  shear  layer  formed  by  the  slip 
between  the  coolant  and  main  strecim  where  a is  the  instantaneous  angle  of  the  shear 
layer  relative  to  the  wall.  In  the  second  term,  B describes  the  strength  of  the 
vortical  mixing  and  the  term  sin  a sin  (a  - “gff)  describes  the  curvature  of  the 
separation  bubble,  where  s/K  is  the  characteristic  length  for  the  vorticity 
attentuation. 

The  numerical  model covers  three  consecutive  regions  (Figure  11).  In  the 
first  region  continuity  and  momentum  relations  are  used  to  determine  the  angle  (Og 
~ asff)  by  which  the  coolant  is  turned  by  the  mainstream.  In  region  (2) , the 
continuity,  streamwise  and  normal  momentum  energy  equations  together  with  the 
entrainment  relation  are  used  to  solve  the  coolant  curved  flow  over  the  separation 
bubble.  In  region  (3),  after  the  reattachment  point,  the  continuity,  streamwise 
momentum  and  energy  equations  are  applied  in  the  entrainment  region.  The  mixing 
zone  (o  - 5)  due  to  the  mass  entrainment  is  computed  as  a function  of  distance. 

The  mathematical  model  can  be  used  for  both  adiabatic  and  isothermal  wall 
conditions. 

The  parameter  A can  be  empirically  .derived  from  experiments  with  parallel 
injection  using  thin  Injection  lips  and  the  experiments  with  angular 

injection  were  used  to  determine  B and  K. 

Since  the  turbulence  of  two  streams  separated  by  a shear  layer  increases  with 
density  >15).  ^ assessed  to  vary  as  A • Ai  (P-/Poo)  • It  was  found  that 

*1  “ *2  0 < X < L 

Ai  » A,  for  X > L 

where  L is  a length  in  which  full  Aixlng  is  developed.  The  mixing  can  be  expected 
to  depend  on  the  momentum  ration  K_  • , 

A correlation  of  A,  and  L/s  with  was  determined  for  the  data'*' . 
a value  of  n • 1.5  was  round  to  fit  data'*'  best.  A value  of  s/K  of  35  was  adapted 
and  a correlation  of  B dependent  on  both  m and  T /Too  was  used  based  on 
data(*' . The  numerical  model  predicted  Both  adiabatic  and  isothermal 
effectivenesses  favorably  (Figures  12,  13,  14)  up  to  the  conditions  of  boundary 
lift  off  (Figure  13),  which  the  model  cannot  handle. 

The  numerical  model is  a first  attempt  to  predict  the  film  in  the  region 
near  the  slot  injection  point.  Better  description  and  more  detailed  measurements 
are  needed  for  the  vortical  motion  and  Improvements  have  to  be  made  on  the 
turbulent  mixing  term  before  such  an  analysis  can  be  extended  to  the  film  produced 
by  the  arrays  of  holes. 

III.  Heat  Transfer  Over  Blade  Profilet 

The  distribution  of  heat  transfer  over  exposed  turbine  components  is  critical 
information  for  the  evaluation  of  pooling  requirements.  This  information  is 
particularly  important  for  highly  loaded  blades,  which  provide  a means  to  reduce 
cooling  requirements  per  unit  of  turbine  work. 

The  pressure  and  the  heat  transfer  distributions  around  four  blade  profiles 
were  determined  in  the  range  of  outlet  Mach  number  from  0.6  to  1.6  at  nominal 
incidence.  A similar  investigation  was  carried  out  for  one  profile  as  a function 
of  incidence (1® ) . The  four  blades  were  designed  for  inlet  angle  gy  “ 32°  and  outlet 
angle  $2  - 65° > with  a spacing  to  chord  ratio  g/c  ■ 0.75.  All  four  blades  were 
designed  from  a reference  Blade  1 with  the  same  subsonic  section.  Differences 
exist  downstre2un  of  the  throat. 

Blade  1 (Figure  15a)  is  the  references  blade  with  a straight  suction  back 
downstream  of  the  throat.  It  has  a thick  trailing  edge  thickness  of  4%  (relative 
to  the  chord) . 

Blade  2 (Figure  15c)  is  almost  identical  to  blade  1 except  for  a thinner 
trailing  edge  thickness  of  2%. 

Blade  3 (Figure  15b)  has  a contoured  suction  side  downstream  of  the  throat 
contoured  to  cancel  the  expansion  waves  originating  from  the  opposite  side  of  the 
throat.  Trailing  edge  thickness  is  2%. 

Blade  4 (Figure  15d)  is  a convergent-divergent  blade  (Figure  15d)  with  a 
trailing  edge  thickness  of  1.5%. 
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The  supersonic  sections  of  Blade  3 and  4 were  designed  by  the  method  of 
characteristics.  The  aerodyneunic  performance  of  the  blades  (Figure  16)  indicate 
the  strong  influence  of  trailing  edge  thickness  on  losses  in  the  sonic  and  subsonic 
regime.  Blade  2 has  the  best  performance  up  to  an  outlet  Mach  number  of  1.3. 

Beyond  this  value,  losses  associated  with  shock  boundary  layer  interaction  and 
shockwaves  dominate  and  Blade  4 performance  is  best.  In  this  investigation  of  heat 
transfer  rates,  a ratio  of  T^T  « 1.5  was  used,  which  corresponded  to  a stagnation 
temperature  of  810®R.  The  measured  turbulence  level  was  10%.  The  master  blade  was 
instrumented  with  25  pressure  taps  and  25  calorimetric  gauges  located  close  to  mid 
span.  Figure  16,  17,  and  18  give  the  distribution  of  the  ratio  of  Nusselt  number 
to  the  eighth  power  of  the  Reynolds  number  as  a function  of  location  and  outlet 
Mach  number.  Very  high  heat  transfer  rates  ate  observed  at  the  leading  edge,  at 
the  transition  point  near  the  suction  point  and  neat  the  trailing  edge  on  the 
pressure  side. 

Figure  19  gives  the  mean  Stanton  number  for  the  three  blades  as  a function  of 
Mach  Number.  Changes  in  incidence  were  found  to  only  have  a small  effect  on  the 
average  Stanton  number'^®'.  In  Figure  20.  a comparison  is  made  between  the 
measured  blade  mean  Nusselt  Number  db)  (16)  other  available  data.  The  M.I.T. 

experimental  data  lie  in  the  upper  region  which  is  expected  as  a result  of  the  high 
turbulence  level  (10%)  and  of  the  high  outlet  Mach  numbers. 

The  experimental  heat  transfer  data  were  compared  with  the  predictions 

given  by  a NASA  computer  program using  the  airfoil  static  pressure  distribution 
as  input.  This  program  gives  the  solution  of  the  two-dimensional  compressible 
laminar  (Cohen  and  Reshotko's  method)  and  turbulent  (Sasman  and  Cresci's  method) 
boundary  layer  in  an  arbitrary  pressure  gradient.  A typical  comparison  of 
experimental  and  predicted  values  is  shown  in  Figure  21,  the  comparison  is 
favorable  considering  the  fact  that  the  numerical  solution  does  not  include  surface 
curvature  effects,  surface  roughness,  influence  of  turbulence  levels,  and 
particularly  shock  boundary  layer  interaction. 

IV.  Heat  Transfer  to  a Film-Cooled  Blade  Profile 

The  work  outlined  in  the  previous  sections  provided  a basis  for  an 
experimental  study  of  film  cooled  blades. 

In  choosing  a blade  profile  to  be  film  cooled,  it  was  noted  that  blades  1 and 
3 gave  better  aerodynamic  performance  (discounting  the  effect  of  the  thicker 
trailing  edge  for  Blade  1)  up  to  an  exit  Mach  number  .of. 1,3  and  lower  average  heat 
transfer  rates.  Distribution  of  heat  transfer  rates''^®' around  blade  profiles 
indicated  four  regions  of  very  high  heat  transfer  rates:  the  leading  edge,  the 
transition  point  on  the  suction  side  of  the  blade  and  the  trailing  edge  regions  on 
both  suction  and  pressure  sides  of  the  blade.  It  was  also  realized  that  a 
relatively  thick  trailing  edge  is  required  when  film  cooling  is  applied  the 
trailing  edge.  For  these  reasons,  the  Blade  1 profile  was  selected  and  5 zones  of 
injection  were  used  as  shown  in  Figure  22. 

At  the  leading  edge,  four  rows  of  holes  (D  ' .040  in)  at  a 90°  injection  angle 
cool  the  entire  region  (a) . A double  row  of  holes  with  an  injection  angle  of  40° 
is  located  at  the  transition  point  (e) . A double  row  of  holes  with  a 20°  injection 
angle  is  located  halfway  along  the  pressure  side  (b)  to  test  the  film  cooling 
effectiveness  neat  the  trailing  edge  associated  with  this  location,  injection 
upstream  on  both  sides  of  the  trailing  edge  in  (c)  and  (d)  is  performed  through  a 
double  tow  of  holes  with  20°  injection.  The  flow  through  each  coolant  supply 
plenum  (A,  B,  C,  D)  is  separately  metered.  The  location  of  pressure  taps  and  heat 
transfer  gauges  is  also  shown,  in  the  tests  performed  so  far  at  an  exit  Mach  number 
of  0.6,  with  a stagnation  temperature  of  810°R,  and  a coolant  temperature  of  528°R, 
the  Isothermal  effectiveness  of  each  injection  zone  has  been  studied  for  different 
Injection  mass  flow  parameters  m. 

Figure  23  shows  the  normalized  heat  transfer  distributions  of  the  cooled  and 
uncooled  blade.  Injection  from  the  leading  edge  with  m > 1.4  is  found  to  be 
effective  around  the  profile.  Injection  at  the  transition  point  on  the  suction 
side  is  found  to  be  very  effective  with  a small  m (m  - 0.35)  in  the  region 
downstream  of  the  injection,  with  strong  mixing  reducing  its  effectiveness  in  the 
trailing  edge  region,  injection  through  plenums  C and  D also  give  favorable 
results.  Figures  24  and  25  give  the  film  data  obtained  with  injection  from  plenums 
B and  C.  These  data  are  compared  with  the  correlation  derived  in  Reference  1 for 
films  injected  from  a double  line  of  holes  and  with, the  overall  correlation  based 
on  Figure  10,  but  using  the  parameter  (*„  cos^  The  comparisons  show 

derivations  which  underestimate  the  effectiveness  on  the  suction  side  and 
overestimate  it  on  the  pressure  side.  Since  the  correlations  were  established  for 
a flat  plate,  the  discrepancy  indicates  that  corrections  should  be  applied  for  the 
effects  of  curvature  and  pressure  gradients. 

Conclusions 

1.  Short  duration  experiments  provide  a practical  and  flexible  means  to  study 
problems  of  film  cooling  and  heat  transfer  in  turbines  while  providing  good 
modeling  of  operating  conditions. 

2.  A fairly  systematic  study  of  film  cooling  effectiveness  with  various 

configurations  under  a variety  of  conditions  indicate  that  the  key  parameters 
correlating  the  effectiveness  are  the  momentum  ratio;  the  injection  angle  , 

relative  to  the  wall  and  .x/S-a  where  S^a  t***  equivalent  slot  width  providing^ 
the  same  mass  flow  per  unit  wiath  as  the^single  or  double  line  of  holes. 

The  mathematical  modeling  of  the  film  has  emphasized  the  near  region 
downstreeun  of  the  injection  and  is  using  an  entrainment  model  for  the  mixing  of  the 
two  streams. 
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3.  Detailed  measurements  of  heat  transfer  rates  dlstributiorv  pressure 
distributions,  and  pressure  losses  were  obtained  for  four  profiles  with  high 
aerodynamic  loading.  The  profile  with  a straight  back  gave  good  overall 
performance  for  outlet  Mach  numbers  up  to  1.3.  For  higher  outlet  Mach  numbers,  the 
profile  with  a contoured  suction  side  and  the  profile  providing  a convergent  and 
divergent  section  gave  better  performance. 

4.  The  detailed  film  cooling  and  blade  performance  studies  provide  a very 
adequate  basis  for  the  study  of  the  performance  of  film-cooled  profiles.  However, 
data  on  film  cooled  blades  indicate  that  data  and  correlations  obtained  on  flat 
plates  have  to  be  corrected  for  curvature  and  pressure  gradients. 
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Fig.6(b)  Effectiveness  footprints  obtained  from  the  single  hole  experiments 
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Fig.22  Dashed  lines  are  hole  center  lines.  All  holes  are  0.040"  diameter. 
Angles  of  holes  Cl®!  to  surface  tangent  are: 

(a)  -90°,  (b)and(c)  -19°,  (d)  -20°,  (e)  -40° 

• represent  heat  transfer  gauges  • represent  pressure  taps 
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DISCUSSION 


E.  Le  Grives,  France 

L’analyse  proposee  par  le  Dr  Louis  pour  I'interpretation  du  processus  d'entrainement  massique  par  un  jet  issu  d'une 
fente  lineaire  et  penetrant  dans  un  6coutement  exterieur  est  tres  condordante  avec  le  modele  propose  pour  le  cas  de 
I’injection  par  orifices  discrets  dans  ma  propre  communication  ( No. 36).  Pourriez  vous  pr6ciser  dans  quelle  mesure 
les  parametres  intervenant  dans  I'expression  du  debit  d'entrainment,  et  notamment  Ic  coefficient  d’att6nuation  K 
dans  le  facteur  exponentiel  affectant  le  terme  d’induction  tourbillonnaire  peuvent  etre  consid6r6s  comn^e  des 
invariants?  ' 

Author's  Reply 

A sensitivity  analysis  indicated  that  the  predictions  were  not  too  dependent  on  the  vai^e  of  K and  a value  of 
K = 35  was  selected  in  all  the  examples  given  in  the  text. 


D.  Little,  Canada 

Did  you  also  measure  aerodynamic  losses  on  the  blade  with  different  film  injec^^  positions? 
Author’s  Reply 

These  measurements  are  in  process  now  and  will  be  published  in  due  course. 


C.H.Priddin,  UK 

I have  two  short  questions,  the  answers  to  which  may  possibly  be  related. 

( 1 ) In  your  mixing  expression  for  entrained  flow  it  is  possible  in  some  circumstances  for  the  first  term  to  become 
negative.  Does  this  not  point  to  a lack  of  physical  realism  in  this  expression? 

(2)  Some  of  the  predicted  effectiveness  values  you  show  have  isothermal  effectiveness  greater  than  unity  close  to 
the  hole  exit.  Do  you  consider  this  behaviour  unrealistic? 

Author’s  Replies 

( 1 ) The  value  a|(  in  the  relation  for  riignt  is  the  local  value  so  that  when  mg^t  is  used  in  the  computation  the 
value  of  cos  a is  close  to  one  and  the  first  term  is  always  positive. 

(2)  The  value  of  can  be  larger  than  one.  However,  the  region  close  to  the  injection  point  is  very  sensitive  to 
small  changes  and  the  math  of  the  theory  should  be  based  on  the  predictive  capability  for  x/5  >10. 
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SUMMARY 

Tests  have  been  conducted  on  a 20- Inch  (.508  m.)  diameter  single-stage  air-cooled  turbine  designed  to 
evaluate  the  effects  of  film  cooling  air  on  turbine  aerodynamic  performance.  A previous  paper  reports 
the  results  of  five  test  configurations,  Including  two  different  cooling  designs  and  three  combinations 
of  cooled  and  solid  airfoils.  A coBg>arlson  Is  made  of  the  experimental  results  with  a previously 
published  analytical  method  of  evaluating  film  Injection  effects  on  turbine  performance. 

The  results  of  these  tests  are  used  to  determine  the  effects  of  film  cooling  on  overall  engine  performance 
for  selected  cycle  conditions,  lliese  engine  performance  studies  are  used  to  show  the  cycle  benefits  of 
Increased  gas  temperature  at  various  coolant  flow  rates. 
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LIST  OF  SYMBOLS 


Gravitatloiial  constant  ^ 

Turbine  inlet  enthalpy  (BTU/lba),  (J/kg) 

Coolant  Inlet  enthalpy 

Turbine  discharge  ideal  enthalpy  of  primary 


Turbine  discharge  ideal  enthalpy  of  coolant 
Mechanical  equivalent  of  heat  ^ 

Turbine  inlet  total  pressure  (psia) , (N/m^) 

Turbine  discharge  total  pressure  Wy 

Turbine  rotor  inlet  total  temperature  (^R) , (^K) 
Turbine  inlet  total  temperature  a- 

Turbine  rotor  relative  total  teq>erature 
Coolant  inlet  total  temperature  Vth 


Rotor  blade  velocity  at  turbine  flowpath 
mean  radius  <f t/sec) , (m/sec) 

Rotor  velocity  at  cooling  inducer  radius 
Tangential  cooponent  of  rotor  coolant  velocity 
at  inducer  discharge 

Turbine  rotor  inlet  mass  flow  rate  (Ibm/sec) , 
(kg/sec) 

Turbine  inlet  mass  flow  rate 
Coolant  mass  flow  rate 
Vane  coolant  mass  flow  rate 
Blade  coolant  mass  flow  rate 
Ratio  of  specific  heats 
Uncooled  turbine  efficiency 
Turbine  thennodynamic  efficiency 


BACKGROUND 


There  have  been  many  technology  advancements  in  recent  years  which  have  led  to  the  development  and 

production  of  modem  high  performance  turbojet  and  turbofan  aircraft  engines.  Some  of  the  moct  dramatic 

gains  have  resulted  from  advancements  in  turbine  cooling  technology  which  permit  Increased  cycle  temperatures 

and  the  resulting  Improvement  in  cycle  thermodynamic  efficiency.  Technology  advances  have  led  from  early 

cooling  systems  which  employed  mainly  sinple  convection  cooling  to  the  current  highly  sophisticated  schemes 

which  combine  more  effective  convection  systems  with  film  cooling  systems.  However,  the  gain  in  cycle 

performance  which  results  from  increased  cycle  temperature  is  not  realized  unless  the  quantity  of  air  used 

to  cool  the  turbine  and  the  aerodynamic  mixing  losses  resulting  from  injection  of  coolant  in  the  form  of  % 

film  on  the  flowpath  surfaces  are  minimized.  There  are  many  technology  development  programs  aimed  at 

maintaining  turbine  metal  temperatures  at  the  desired  values  for  a minimum  expenditure  of  coolant. 

However,  if  the  coolant  injection  losses  are  to  be  minimized,  a more  complete  understanding  of  the 
relationship  between  cooling  and  aerodynamics  is  needed,  including  detailed  knowledge  of  how  coolant 
injection  influences  aerodynamic  performance. 

Recent  tests  have  been  undertaken  to  determine  the  effects  of  coolant  injection  on  turbine  performance. 

These  results  have  been  sumnarized  in  Reference  1 and  were  compared  with  an  analytical  technique  de  eloped 
for  predicting  coolant  injection  effects.  The  present  paper  will  review  the  results  of  these  testo,  the 
analytical  prediction  method,  and  the  comparison  of  results.  However,  the  primary  objective  of  this  paper 
is  to  relate  the  important  results  of  Reference  1 to  the  effects  of  turbine  cooling  on  overall  cycle 
thermodynamic  efficiency.  This  objective  will  be  obtained  by  utilizing  the  analytical  prediction  technique, 
shown  to  give  excellent  agreement  with  test  results  in  Reference  1,  to  calculate  incremental  changes  in 
turbine  thermodynamic  efficiency  for  various  incremental  changes  in  coolant  flow  rate  for  a typical  single 
stage  high  pressure  turbine  matched  to  drive  a modem,  core  engine  compressor.  Ihe  incremeiAtal  changes  in 
turbine  thermodynamic  efficiency  and  incremental  changes  in  cycle  temperature  will  be  used  to  estimate  the 
changes  in  overall  core  engine  performance  by  simple  cycle  analysis  techniques. 


*The  model  turbine  tests  described  in  this  paper  were  sponsored  by  The  NASA  Lewis  Research  Center. 
(Contract  NAS3-16732) 
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TEST  PROGRAM 


Tlie  effects  of  turbine  cooling  flows  on  turbine  performance  have  been  experimentally  evaluated  In  a warm  air 
turbine  test  Hg.  This  test  rig  features  five  Independent  coolant  supplies  for  Independent  variation  of 
coolant- to-malnstream  tempeiature  ratio,  pressure  ratio,  and/or  mass  flow  ratio  for  different  cooling 
circuits.  This  permitted  simulation  of  engine  values  of  the  appropriate  coolant-to-malnstream  ratios  for 
the  stator  vane,  stator  Inner  band,  stator  outer  band,  rotor  blade  and  rotor  stationary  shroud  cooling 
systems.  The  results  of  tests  conducted  with  the  stator  vane  and  rotor  blade  coolant  flow  rate  variable, 
while  the  band  and  shroud  coolants  were  maintained  fixed  at  design  values,  have  been  examined  In  detail 
and  are  presented  In  Reference  1. 

The  air  turbine  design  conditions  for  this  experimental  program  are  presented  In  Table  1 and  a schematic 
of  the  test  rig  with  station  designations  Is  shown  la  Figure  1.  ihe  vane  and  blade  airfoils  are  constant 
section,  untwisted  designs.  The  meanllne  vector  diagram  of  this  20  Inch  (,508m)  tip  diameter  turbine  Is 
the  meanllne  vector  diagram  of  a 30  Inch  (.762  m)  tip  diameter  turbine  which  was  previously  tested.^  The 
turbine  Is  typical  of  a moderately  loaded  first  stage,  of  a two  stage  group,  with  subsonic  relative 
velocities  throughout. 

Table  1 Nominal  Air  Turbine  Test  Parameters 

Turbine  Inlet  Total  Temperature,  Tti 
Turbine  Inlet  Total  Pressure,  Pti 
Turbine  Inlet  Mass  Flow,  Wp 
Rotative  Speed  (100%) 

Tip  Diameter 
Hub  to  Tip  Radius  Ratio 
Number  of  Stages 
Number  of  Vanes 
Number  of  Blades 

Stage  Total  to  Static  Pressure  Ratio 
Work  Output  (k>rrected  to  Standard  Sea 
Level  Conditions 


The  air  turbine  components  were  designed  to  simulate 
high  pressure  turbine  cooling  systems  typical  of 
advanced  high  temperature  designs.  Stator  inner  and 
outer  band  cooling  designs  utilize  Impingement  and 
film  systems,  where  the  spent  Impinged  coolant  Is 
discharged  to  the  flowpath  through  discrete  rows  of 
film  holes.  The  rotor  stationary  shroud  is  a tran” 
splratlon  cooled  system. 


I\vo  stator  vane  and  rotor  blade  cooling  systems  were 
designed  at  Identical  operating  conditions.  The 
first  blade  and  vane  design,  called  "full  film", 
consists  of  an  liiq>lngement  and  film  system  In  which 
spent  Impinged  coolant  Is  discharged  to  the  flowpath 
through  many  small  diameter  holes  drilled  In  the 
airfoil  shells.  TTie  small  diameter  film  holes  are 
oriented  In  the  direction  of  the  mainstream  flow  on 
the  airfoil  surface. 


FIGURE  1 Schematic  of  air  turbine  with 
station  nomenclature. 
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The  second  vane  and  blade  designs,  called  "discrete  film",  also  consist  of  Implngement/fllm  systems.  In 
the  "discrete  film"  system  the  number  of  film  holes  and  rows  has  been  greatly  reduced  , (approximately  1/3 
as  many  as  the  "full  film")  by  selectively  locating  rows  of  larger  diameter  film  holes  such  that  cooling 
Is  maximized  by  an  Improved  film  blanket. 

In  addition  to  the  above  cooled  stator  vanes  and  rotor  blades,  a solid  airfoil  design  was  also  manufactured 
for  the  purpose  of  obtaining  uncooled  baseline  performance.  The  same  constant  section,  untwisted  airfoil 
contours  were  used  for  both  of  the  cooled  designs  and  for  the  solid  design. 

The  air  turbine  experimental  program  consisted  of  several  series  of  tests  In  which  coolant  flows  were 
varied  for  each  turbine  cooling  circuit  by  adjusting  the  coolant  to  mainstream  pressure  ratio  in  that 
circuit.  Coolant  inlet  teig>erature  was  approximately  60^F  (289^)  for  all  circuits  and  at  design  coolant 
flow  rates  the  coolant-to-malnstream  pressure  ratio  was  representative  of  engine  conditions.  Tixe  five  test 
configurations  consisted  of  the  "full  film"  design,  the  "discrete  film"  design,  and  three  configurations 
in  which  the  "discrete  film"  airfoils  and  the  solid  airfoils  were  substituted  for  each  other.  TTiese 
combination  configurations  were  solid  vanes  and  "discrete  film"  blades,  "discrete  film"  vanes  and  solid 
blades,  and  the  solid  vanes  and  solid  blades.  In  all  tested  configurations  the  stator  Inner  and  outer 
bands,  and  the  rotor  stationary  shroud  were  unchanged.  The  test  data  presented  in  Reference  1 and 
discussed  herein  were  all  obtained  with  the  turbine  speed,  total-to-static  pressure  ratio,  inlet 
temperature,  and  inlet  pressure  maintained  constant  at  the  design  values. 
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DATA  REDUCTION 


The  results  of  the  test  program  were  presented  in  Reference  1 In  terms  of  a thermodynamic  efficiency  which  was 
defined  to  reflect  cooled  turbine  performance  as  installed  in  a typical  gas  turbine  engine.  Ibis  type  of 
definition  permits  easy  evaluation  of  various  cooling  concepts  with  regards  to  overall  engine  performance. 

Ibe  definition  can  be  written  as; 

ij  s Net  Turbine  Power  Output  (1) 

Isentropic  Available  Gas  Power 


The  net  turbine  power  output  accounts  for  the  work  required  to  accelerate  the  rotor  coolant  from  coolant 
tangential  velocity  at  rotor  entry  to  the  blade  meanline  velocity.  For  purposes  of  determining  the 
coolant  tangential  velocity  at  rotor  entry,  a cooling  air  expander  (inducer)  was  assumed  which  accelerates 
the  coolant  in  the  direction  of  rotation,  at  the  rotor  entry  radius.  The  assumed  expander  total-to-static 
pressure  ratio  is  the  turbine  inlet  gas  stream  total  pressure  divided  by  the  turbine  blade  dovetail  supply 
pressure  required  for  design  blade  coolant  flow.  This  type  of  rotor  blade  coolant  supply  system  is  typical 
of  many  modem  aircraft  gas  turbines.  The  isentropic  available  gas  power  of  equation  (1)  Includes  the 
expansion  of  the  primary  gas  and  all  coolant  from  turbine  inlet  total  pressure  to  turbine  discharge  total 
pressure  utilizing  the  measured  inlet  temperature  for  primary  and  each  individual  coolant  supply.  The 
turbine  inlet  pressure  was  chosen  as  the  source  pressure  for  evaluating  the  ideal  available  gas  power  of 
all  the  coolant  based  on  the  assumption  that  if  the  turbine  were  uncooled  the  coolant  could  be  mixed  with 
the  combustion  products  in  the  combustor  and  expanded  through  the  turbine.  Thus  equation  (1)  becomes; 


■Gross  Turbine  Power-Blade  Coolant  Pump  Power 


Wp  [hi  - ^3p]  + L^lc  - h^c] 

(2) 

wherein; 

r 2 1 

RIaHa  CnnlAnt  Pijrid  PowAr  ■ M^m  ” 1 

(3) 

L gj  J 

[*’1  ■ *’3^“ 

(4) 

jhjc  - ^3c]"  Ptl/*’t3) 

(5) 

The  ’*Gro88  Turbine  Power"  term  in  the  numerator  of  equation  (2)  was  determined  from  the  observed  torque  and 
speed  with  corrections  for  turbine  rig  rotor  coolant  pumping  and  bearing  losses. 


ANALYTICAL  PREDICTIONS 


Analytical  predictions  were  made  of  the  changes  in  turbine  performance  anticipated  as  a result  of  coolant 
injection  for  the  stator  vane  euid  rotor  blade  cooling  configurations  tested.  These  predictions  are  based 
on  the  method  of  Hartsel^  which  was  used  to  determine  the  effects  of  coolant  injection  on  cascade  performance. 
This  result  was  then  applied  with  an  energy  accounting  procedure  consistent  with  the  efficiency  definition 
of  equation  (2) . 

The  cascade  efficiency  losses  based  on  Hartsel*s  method  give  the  mixing  losses  which  result  from  injecting 
relatively  low  momentum  coolant  into  the  primary  stream.  ITils  procedure  essentially  determines  an  "average" 
total  pressure  of  the  mixed  gas  stream.  Hie  effect  of  this  reduced  cascade  efficiency  on  stage  efficiency 
is  easily  determined  by  any  of  several  methods;  however,  the  coolant,  having  been  mixed'  with  the  primary 
stream,  expands  through  the  remainder  of  the  stage  producing  power.  Thus,  the  "available  expansion  energy" 
of  the  coolant  must  be  determined  in  order  to  determine  the  full  effect  of  the  coolant  on  stage  performance. 

The  calculation  of  cascade  mixing  loss  vs.  vane  or  blade  coolant  flow  rate  was  performed  for  two  separate 
methods  of  flow  variation.  Hie  first  calculations  were  performed  assuming  that  the  flow  rate  is  modulated 
by  varying  the  coolant  pressure  with  constant  film  hole  geometry.  These  calculations  are  representative  of 
the  way  the  coolant  flow  variation  tests  were  conducted  and  therefore  should  be  directly  comparable  to  data 
from  these  tests.  Hie  second  calculations  were  performed  assuming  that  the  coolant  pressure  is  maintained 
constant  at  design  value  and  the  coolant  flow  is  modulated  by  varying  the  film  hole  geometry  (variable  film 
hole  size).  These  latter  calculations  are  thus  representative  of  a series  of  design  points  where  coolant 
pressure  is  constant  and  the  coolant  flow  is  varied  by  using  various  numbers  and  diameters  of  boles  to 
achieve  desired  levels  of  coolant  effectiveness  at  different  design  conditions.  Hie  results  of  these 
calculations  were  used  to  compare  test  data  of  cooled  and  solid  configurations.  The  two  methods  yield 
identical  results  at  design  coolant  flow  which  occurs  at  design  coolant  pressure. 

Hie  available  expansion  energy  of  the  vane  coolant  is  assumed  to  be  the  same  as  the  primary  gas  output 
corrected  for  reduced  source  temperature.  This  assunqition  is  consistent  with  the  defintion  of  total 
pressure  mixing  loss  described  by  Rartsel. 

The  method  of  predicting  the  available  expansion  enei^y  of  rotor  blade  coolant  is  different  from  the  method 
used  for  vane  coolant.  Hie  coolant  expansion  energy  is  assumed  to  be  the  energy  transfer  calculated  from 
the  change  in  angular  momentum  of  the  fluid  from  the  point  of  rotor  entry  to  its  point  of  discharge.  For 
the  purposes  of  this  calculation,  the  coolant  entry  angular  momentum  must  correspond  to  the  inducer  discharge 
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conditions  assumed  In  data  reduction.  The  coolant  angular  velocity  at  the  rotor  discharge  is  calculated 
by  assuming  that  the  coolant  expands  off  the  rotor  blade  at  the  primary  gas  stream  Mach  number  but  at 
reduced  velocity  due  to  lower  temperature. 

For  multiple  stage  turbines,  the  expansion  of  the  vane  coolant  and  rotor  blade  coolant  of  the  initial  stages 
through  subsequent  stages  must  also  be  included.  This  expansion  energy  is  assumed  to  be  the  same  as  the 
primary  gas  output  corrected  for  reduced  inlet  temperature,  which  corresponds  to  coolant  source  temperature 
less  energy  extracted  in  inLtl-al  stages. 

RESULTS 


The  results  of  the  five  test  configurations  are  shown  as  Figures  2,  3,  4,  and  5 and  are  shown  compared 
with  analytical  predictions  as  in  Reference  1.  The  analytically  determined  efficiencies  in  these  figures  were 
made  to  coincide  with  the  experimental  values  at  the  design  coolant  fraction.  The  effects  of  coolant 
were  calculated  from  these  base  conditions.  Figure  2 contains  experimental  data  from  three  of  the  five 
configurations  plotted  as  thermodynamic  efficiency  vs.  vane  coolant  fraction.  The  data  show  the  variation 
in  thermodynamic  efficiency  as  the  vane  coolant  was  modulated  by  changing  the  coolant  source  pressure 
for  the  "discrete  film"  design.  Two  independent  variations  are  presented,  one  of  which  was  with  solid 
blades  in  the  rotor  and  the  other  with  the  "discrete  film"  blades  where  the  blade  flow  was  constant  at 
design  value.  In  addition,  the  performance  of  the  solid  vane/solid  blade  configuration  is  shown.  The 
calculated  variation  in  turbine  performance  with  varying  coolant  pressure,  described  earlier,  is  shown  as 
solid  lines  which  are  referenced  to  the  test  data  at  the  design  flow  rate  of  5.0%.  The  dashed  lines  present 
the  results  of  the  constant  coolant  pressure  variable  film  hole  geometry  calculations  and  thus  represent  a 
series  of  turbines  designed  for  various  coolant  flow  rates  at  the  design  coolant  pressure.  These  can  be 
extrapolated  to  zero  flow  rate  to  predict  solid  airfoil  performance.  The  difference  between  the  solid 
blade/cooled  vane  efficiency  and  the  cooled  blade/cooled  vane  efficiency  is  noted  to  be  2.2  percentage 
points.  The  difference  between  the  solid  blade/cooled  vane  design  flow  efficiency  and  the  solid  blade/ 
solid  vane  efficiency  is  1.15  percentage  points. 

The  test  data  shown  in  Figure  3 are  from  the  vane  coolant  variation  portion  of  the  ' full  film'  cooled  test. 

The  blade  coolant  flow  rate  was  held  constant  at  design  value  for  this  portion  of  the  test.  Calculated 
changes  in  turbine  performance  for  both  the  variable  coolant  pressure  (solid  line)  and  constant  coolant 
pressure  (dashed  line)  methods  of  coolant  variation  are  shown  as  described  for  Figure  2.  These  curves 
have  been  referenced  to  the  test  data  at  the  design  vane  coolant  value  of  5.3%. 


Figure  4 again  contains  experimental  data  from  three  of  the  test  configurations  plotted  as  thermodynamic 
efficiency  vs.  blade  coolant  fraction.  The  data  show  the  variation  in  thermodynamic  efficiency  as  the 
blade  coolant  was  modulated  by  changing  the  coolant  source  pressure  for  the  "discrete  film"  design.  The 
two  Independent  variations  of  blade  coolant  shown  are  for  the  solid  vane  configuration  and  the  "discrete 
film"  vanes  with  the  vane  flow  held  constant  at  design  value.  The  performance  of  the  solid  vane/solid 
blade  configuration  is  again  shown.  The  calculated  turbine  performance  vs.  flow  results  are  shown  as 
solid  and  dashed  lines  as  in  the  previous  figures  and  are  referenced  to  the  test  data  at  the  design  rotor 
blade  flow  rate  af  8.15%.  The  difference  between  the  solid  vane/cooled  blade  efficiency  and  the  cooled 
vane/cooled  blade  efficiency  is  noted  to  be  1.1  percentage  points.  The  difference  between  the  solid 
vane/cooled  blade  efficiency  at  design  blade  flow  rate  and  the  solid  vane/solld  blade  value  is  2.25 
percentage  points. 

Hie  test  data  shown  in  Figure  5 are  from  the  blade  coolant  variation  portion  of  the  "full  film  cooled 
test  ind  were  obtained  with  the  vane  coolant  maintained  at  design  value.  Calculated  changes  in  turbine 
performance  for  the  design  and  off-design  flow  variation  cases  are  shown  as  dashed  and  solid  lines  as  in 


VANE  COOLAKT  nUCTlCW,  V^/Vp 

Figure  2 Measured  variation  of  turbine  performance 
with  vane  eoelant  flow  compared  with 
calculated,  "discrete  film"  configuration. 


Figure  3 Measured  variation  of  turbine 
performance  with  vane  coolant 
flow  compared  with  calculated^ 
’’full  film”  configuration* 
(Blade  Flow  « 8*43%) 
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Figure  4 Measured  variation  of  turbine 
performance  with  blade  coolant 
flow  compared  with  calculated| 
"discrete  film"  configuration. 


BLADE  COOLANT  FRACTION,  V^p 

Figure  5 Measured  variation  of  turbine 
performance  with  blade  coolant 
flow  compared  with  calculated^ 
"full  film"  configuration. 
(Vane  Flow  m 5«3%) 


DISCUSSION  OF  RESULTS 

Evaluation  of  the  analytical  prediction  technique  with  coolant  variation  test  data  Is  accomplished  by 
comparing  the  off-deslgn  flow  test  data  of  Figures  2,  3,  4,  cmd  5 with  the  solid  lines  which  were 
calculated  for  variable  coolant  pressure.  This  comparison  shows  considerable  scatter  of  the  test  data 
from  the  prediction  In  some  cases  and  good  agreement  In  other  cases.  Tlie  result  Is  not  too  surprising 
considering  that  the  analytical  technique  did  not  consider  removal  of  boundary  layer  flow  in  calculating 
the  reclrculatory  flow  losses. 

A better  evaluation  of  the  analytical  prediction  technique  Is  obtained  by  comparing  the  performance 
differences  between  the  five  test  configurations  evaluated  at  design  coolant  flow  rates.  For  this 
comparison,  the  problems  associated  with  primary  gas  recirculation  losses  at  reduced  coolant  supply 
pressures  are  eliminated.  Hie  experimental  Increments  for  this  comparison  were  noted  on  Figures  2 and  4 
and  are  listed  In  Table  2 along  with  the  values  calculated  for  the  "discrete  film"  designs  using  the 
analytical  prediction  technique  for  constant  coolant  pressure.  For  the  "full  film"  design,  the  comparison 
of  Individual  vane  and  blade  flow  effects  cannot  be  made.  However,  the  overall  effects  can  be  coiiq>ared 
using  the  solid  vane/solld  blade  performance  and  the  "full  film"  design  point  performance  which  Is  then 
coBq)ared  with  the  calculated  losses  for  that  configuration. 

The  comparison  made  In  Table  2,  in  addition  to  the  "full  film"  comparison,  is  shown  graphically  In  Figure  6 
by  plotting  the  design  point  theniodynamlc  efficiency  of  each  of  the  five  configurations.  The  efficiency  Is 
plotted  vs.  total  turbine  coolant  fraction  Including  stator  outer  band,  stator  Inner  band  and  stationary 
rotor  tip  shroud  flows  which  were  held  constant  at  a total  value  of  3.6%  for  these  tests.  The  analytical 
variations  shown  are  the  dashed  lines  of  Figures  2,  3,  4,  and  5 but  are  referenced  to  the  solid  vane/solld 
blade  test  point  for  this  comparison. 

Excellent  agreement  between  the  test  data  and  analytical  predictions  is  seen  for  all  test  configurations. 

The  performance  of  the  "discrete  film"  configuration  Is  approximately  three-fourths  of  a percentage  point 
greater  than  the  "full  film"  configuration  at  their  respective  design  flow  rates.  However,  the  "full  film" 
design  flow  rate  was  greater  than  the  "discrete  film"  value.  For  purposes  of  comparing  mixing  losses 
alone,  the  results  should  be  compared  at  constant  flow  rate.  When  this  correction  Is  made,  the  "discrete 
film"  configuration  performance  Is  found  to  be  one-half  of  a percentage  point  better  than  the  "full  film". 

Calculations  were  made  of  the  performance  losses  which  a^uld  be  attributed  to  the  band  and  shroud  coolant. 
These  results  were  used  to  extrapolate  the  experimental  data  to  an  all  solid  turbine  efficiency  as  shown 
on  Figure  6.  Ihls  value  is  slightly  greater  than  87%.  However,  no  correction  was  made  for  the  roughness 
of  the  transpiration  shroud  material.  A correction  for  smooth  shrouds  raises  the  extrapolated  all  solid 
turbine  efficiency  to  approximately  87.5%. 


• V 
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Table  2 Compariaon  of  experioMmtal  and  analytical 
vane  and  blade  cooling  loasea  • 


Vane  Cooling  Loss*  • 

5»  Mp 

(cooled  -solid)  Vanes 

A’>th 

Sxperimental t 

with  cooled  blades 
with  solid  blades 

-1.1  pts. 

-1.15  pts. 

Analytical : 

-1.1  pts. 

Blade  Cooling  LosiM  Vh  a 

. 8. 155t  Wp 

( roolnd  -solid)  Blades 

i’th 

Experimental : 

with  cooled  vanes 
with  solid  vanes 

-2*2  pts. 

-2.25  pts. 

Analytical: 

-2.1  pts. 

COOUNT  FRACTION,  Vc/Vp 

Figure  6 Comparison  of  measured  design 
point  efficiencies  with  cal- 
culated values. 


The  relative  slope  of  the  various  line  segments  shows  that  the  blade  coolant  has  a slightly  greater  effect 
on  performance  than  the  vane  coolant,  llils  is  shown  graphically  In  Figure  7 where  coefficients  of  thermo- 
dynamic efficiency  loss  with  respect  to  rotor  blade  and  stator  coolant  are  compared.  Hie  rotor  derivative 
shown  Is  based  on  the  experimental  loss  for  the  discrete  film  cooled  blade.  The  stator  derivative  shown  Is 
based  on  the  experimental  loss  for  the  discrete  film  cooled  vane  plus  the  calculated  losses  of  the  band  and 
shroud  coolants. 

Further  Insight  Into  the  results  are  gained  by  examining  the  elements  of  the  losses  calculated  by  the 
analytical  methods  described.  Figure  8 graphically  shows  the  total  coolant  loss  for  the  discrete  film 
configurations  divided  Into  four  elements.  Hie  total  vane  coolant  loss  Is  mixing  loss  as  described  by 
Hartsel  because  the  coolant  was  assumed  to  be  extracted  from  compressor  discharge  and  Injected  forward 
of  the  rotor.  The  rotor  coolant  loss,  however.  Is  divided  Into  the  mixing  loss  and  the  throttling  loss 
plus  available  energy  combination  shown.  The  mixing  losses  are  functions  of  mass  flow  rate,  coolant 
Injection  pressure,  primary  gas  Mach  number  - squared,  Injection  angle  and  coolant  Injection  temperature. 
However,  the  throttling  loss  and  available  energy  term  is  a linear  function  of  mass  flow  rate  and  the  coolant 
source  only. 


FIGURE  7*  COMPARISON  OP  STATOR  AND  ROTOR  CXX)UNT  lOSS  FIGURE  8l  COOLANT  LOSSES  FOR  DISCRETE  FILM 

COEFFICIENTS.  DISCRETE  FILM  CONFIGURATION.  COOLED  CONFIGURATION. 
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CALCULATION  OF  OVERALL  ENGINE  CYCLE  PERFORMANCE  BASED  ON  EXPERIMENTAL  RESULTS 


Increases  in  turbine  coolant  flow  rate  and  film  Injection  losses  can  erode  the  potential  cycle  performance 
gains  resulting  from  Increases  In  engine  cycle  temperatures.  In  order  to  estimate  the  magnitude  and 
possible  limits  of  coolant  flow  rates  for  Increases  in  cycle  temperature,  a core  engine  cycle  was  selected 
for  analysis.  The  cycle  Is  representative  of  a core  of  a modem  turbofan  engine  operating  with  Inlet 
conditions  corresponding  to  the  discharge  conditions  of  a low  pressure  compressor.  Table  3 presents  the 
selected  cycle  and  single  stage  turbine  parameters  assumed  In  this  study. 

For  the  study  cycle,  the  baseline  average  turbine  rotor  Inlet  temperature,  was  selected  to  be 

2200*^  (1478^),  because  at  cycle  temperatures  below  this  value  convection  cooling  dominates,  whereas  at 
temperatures  above  this  value  film  cooling  Is  usually  Introduced.  The  experimental  turbine,  described  In 
the  previous  sections  and  in  Reference  1,  Is  the  first  stage  of  a two  stage  turbine  with  a combined  power 
output  sufficient  to  drive  the  compressor  of  the  study  cycle.  Since  most  modern  turbofan  engines  utilize 
single  stage  core  turbines,  it  was  desired  to  analyze  changes  in  cycle  performance  for  variations  In 
cooling  flows  of  a single  stage  turbine.  Thus  the  single  stage  turbine  of  the  study  cycle  Is  of 
considerably  higher  pressure  ratio,  corrected  tip  speed  and  corrected  work  extraction  then  the  experimental 
stage.  The  Interstage  relative  discharge  velocities  for  the  study  cycle  turbine  are  supersonic,  whereas 
the  experimental  turbine  had  subsonic  velocities  throughout.  Therefore,  the  experimental  stator  and 
rotor  coolant  loss  coefficients  shovm  In  Figure  7 could  not  be  used  for  this  calculation  of  cycle 
performance.  However,  the  analytical  method  described  in  previous  sections  was  used  to  determine  siinilar 
coolant  loss  coefficients  for  the  high  work  extraction  stage  of  Table  3. 

Calculations  of  stator  and  rotor  coolant  loss  coefficients  have  been  made  for  a stage  with  characteristics 
as  shown  In  Table  3 and  the  results  are  shown  as  Figure  9.  It  Is  observed  that  the  stator  coefficient 
has  decreased  relative  to  Figure  7 and  the  rotor  coefficient  has  Increased.  This  change  can  be  explained 
qualitatively  by  noting  that  for  the  high  work  stage,  the  stator  Inlet  Mach  number  Is  considerably  lower 
than  for  the  lesser  work  stage  and  that  considerable  coolant  film  Is  Injected  on  the  vane  and  stator 
endwalls  In  the  stator  Inlet  region*  The  high  work  stage  also  Is  lower  In  reaction  than  the  lower  pressure 
ratio  stage.  These  two  factors  serve  to  reduce  the  relative  mixing  losses  of  the  stator  and  Increase  the 
rotor.  However,  from  a quantitative  standpoint,  the  absolute  loss  for  the  high  work  stage  Is  much  greater 
for  an  Identical  value  of  loss  coefficient,  as  defined,  since  one  percentage  point  In  thermod3maalc 
efficiency  represents  considerably  more  energy. 

Simple  cycle  calculations  have  been  made  for  the  core  engine  at  the  baseline  conditions  of  Table  3 and 
for  a matrix  of  operating  conditions  where  the  turbine  rotor  Inlet  temperature,  l^.x  > coolant 

flow  rate  were  varied.  For  these  calculations,  the  compressor  Inlet  conditions,  compressor  mass  flow  rate, 
compressor  pressure  ratio,  and  combustor  pressure  drop  were  held  constant.  Hie  coolant  flow  was  assumed 
to  be  extracted  at  compressor  discharge  and  split  equally  between  stator  and  rotor.  The  baseline 
calculation  was  made  at  = 220CPf  (1478°K)  , ’Jth  * a^d  with  a nominal  convection  coolant  flow  rate. 

For  the  remainder  of  the  calculations,  the  thermodynamic  efficiency  was  varied  In  accordance  with  the 
additional  coolant  flow  rates,  the  coolant  loss  coefficients  of  Figure  9,  and  the  assumed  coolant  split 
between  stator  and  rotor.  For  each  calculation  case  the  core  turbine  discharge  total  temperature, 
total  pressure,  and  mass  flow  rate  were  determined.  In  addition  the  gas  stream  was  assumed  to  expand 
through  a low  pressure  turbine  of  sufficient  power  to  compress  the  core  engine  mass  flow  from  ambient 
to  core  Inlet  conditions.  Low  pressure  turbine  expansion  efficiency  was  assumed  to  be  91.5%.  Finally 
the  remaining  turbine  discharge  Ideal  gas  power  was  determined  based  on  an  Isentroplc  expansion  of  the 
gas  from  low  pressure  turbine  discharge  conditions  to  ambient  pressure.  This  Is  then  the  Ideal  gas 
power  available  to  compress  the  bypass  air  In  a turbofan  engine,  produce  Jet  thrust  In  a turbojet  engine, 
or  produce  shaft  power  for  a turboshaft  engine.  Any  additional  turbine  stages  required  for  these 
configurations  could  be  combined  with  the  low  pressure  turbine  and  bypass  fan  stages  can  be  combined  with 
the  low  pressure  compressor. 

The  performance  comparison  for  the  various  cases  was  calculated  In  terms  of  Ideal  core  gas  power  output 
divided  by  fuel  flow  rate.  Hie  results  are  presented  in  Figure  10  which  shows  performance  gains  available 
for  various  Increments  of  cycle  temperature  and  cooling  flow  rate.  This  plot  shows  the  Increases 
available  In  energy  output  per  unit  fuel  burned  for  Increased  cycle  temperature  If  the  additional  coolant 
flow  required  Is  maintained  at  reasonable  values.  The  same  Information  Is  shown  on  Figure  11  which  shows 
the  tradeoff  necessary  In  limiting  coolant  flow  as  cycle  temperature  Increases  to  obtain  the  potential 
performance  Improvement. 

Another  aspect  of  the  Increase  In  cycle  temperature  Is  the  core  engine  Ideal  gas  power  output  per  unit 
core  engine  Inlet  airflow.  Figure  12  shows  the  Impact  of  cycle  temperature,  additional  coolant 

flow  rate  on  the  gas  power  output  per  unit  core  engine  Inlet  airflow.  Increases  In  this  parameter 
permit  reduction  In  core  engine  size,  for  a given  application,  thus  reducing  overall  engine  weight  and 
cost.  Reduction  In  engine  weight  can  be  converted  Into  fuel  savings,  aircraft  weight,  aircraft  payload 
or  range  depending  on  the  aircraft  and  mission. 

The  parametric  studies  shown  above  are  first  order  analyses  and  do  not  reflect  second  order  effects.  For 
example,  changes  in  mixing  losses  and  uncooled  turbine  efficiency  as  the  turbine  pressure  ratio  changes  due 
to  variations  In  turbine  Inlet  temperature  and  coolant  flow  rate  are  not  Included.  In  addition  the  analytical 
method  has  been  found  to  give  excellent  agreement  with  experimental  data  for  a subsonic  stage,  however,  it  Is 
applied  herein  to  a transonic  stage  without  consideration  for  coolant  Injectlon/shock  interaction  losses. 
Nevertheless  these  results  are  expected  to  give  a good  Indication  of  the  effects  of  film  cooling  on  the 
potential  payoff  of  Increased  cycle  temperature. 
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TABU  3:  GORE  ENGINE  CYCU  PARAMETERS  FOR  OVERALL 
FERFOKHANCX  CALCULATIONS 
(Anblent  Inlet  Conditions) 


Overall  Cycle  Pressure  Ratio 

Core  Oonpressor  Pressure  Ratio 

Core  Compressor  Inlet  Pressure 

Core  Compressor  Inlet  Teiqwrature 

Turbine  Rotor  Entry  Temperature,  T4,i  (Baseline) 

Turbine  Work  Output  Corrected  to  Standard  Sea  Level 
Conditions  (Baseline) 


26:1 

11:1 

34.7  psla  (2.39  x 10^  N/mZ) 
2650F  (403OK) 

2200OF  (14780K) 

35.7  BTO  (g  o ^ io4  j/Kg) 


.3 


A 9th 

^^4.1 


.2  I— 


.1 


.30 


FIGURE  9< 


CALCULATED  STAIOR  AND  ROTOR  COOLANT  LOSS 
COEFFICIENTS.  HIGH  WORK  EXTRACTION  STAGE. 


FLOW  RATES. 
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FIGURE  11:  RELATIONSHIP  BEIVEEN  CYCLE 
TENPERATURE  INCREASES  AND 
COOLANT  FLOW  RATES  FOR  LEVELS 
OP  CORE  ENGINE  PERFORMANCE  IMPROVEMENT. 


CONCLUSIONS 

Excellent  agreement  has  been  shown  between  the  experimental  data  and  calculation  procedure  for  determining 
effects  of  film  injection  on  turbine  stage  performance  which  permits  the  use  of  this  method  for  predicting 
cooled  turbine  performance. 

It  Is  a well  known  fact  that  Increases  In  turbine  coolant  flow  rate  and  film  Injection  losses  can  erode 
the  potential  performance  gains  resulting  from  Increases  In  cycle  temperature,  llie  results  of  this  study 
show  the  limits  which  must  be  placed  on  coolant  flow  rate  for  specific  cycle  temperature  Increases.  These 
curves  can  be  useful  to  the  designer  In  establishing  coolant  flow  limits  during  engine  preliminary  design 
studies. 
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DISCUSSION 


D.K.Hennecke,  Germany 

First  of  all,  I would  like  to  congratulate  you  on  your  excellent  presentation. 

My  question  is  concerned  with  the  effect  of  film  injection  on  rotor  blades.  The  fluid  in  the  film  may  have  twice  the 
density  of  the  fluid  in  the  host  gas  stream.  Now  considering  that  the  centrifugal  acceleration  may  be  several  ten 
thousand  g one  can  imagine  the  tremendous  forces  that  try  to  throw  the  cooling  film  radially  outward.  This  may 
have  an  adverse  effect  both  on  the  cooling  effectiveness  and  on  the  aerodynamic  performance.  Does  your  analysis 
take  into  account  this  effect?  From  your  experimental  results,  can  you  quantify  the  order  of  magnitude?  Is,  perhaps, 
the  fact  that  the  rotor  blade  had  larger  losses  in  your  engine  runs  than  in  the  turbine  rig  tests  due  to  the  larger  centri- 
fugal forces  in  the  engine? 

Author’s  Reply 

We  have  been  concerned  about  the  problem  of  the  large  density  difference  between  the  coolant  and  gas  stream  in  the 
presence  of  the  large  centrifugal  forces  as  you  described.  We  are  especially  concerned  about  the  effects  on  film 
cooling  effectiveness.  This  is  a field  that  needs  investigating.  We  did  not  consider  this  in  our  analysis  of  the  effects 
of  coolant  on  aerodynamic  performance.  However,  the  curves  shown  in  the  paper  for  rotor  blade  coolant  losses  in 
an  engine  are  not  experimental,  but  were  calculations  based  on  the  analytical  method  described  in  the  previous 
sections  that  compared  well  with  the  turbine  rig  test  data.  The  reasons  for  the  larger  calculated  losses  in  the  engine 
are  due  to  differences  in  stage  reaction  and  gas  stream  Mach  number. 


D.K.Hennecke,  Germany 

After  having  seen  the  large  aerodynamic  losses  that  one  may  encounter  with  the  application  of  film  cooling,  1 would 
like  to  know  if  you  can  see  some  ways  of  reducing  these  losses,  for  instance,  by  aerodynamically  optimizing  the 
blade  profile  taking  film  cooling  into  account  and  by  a proper  adjustment  of  the  cooling  hole  direction  and  location, 
without  compromising  the  cooling,  of  course. 

Author’s  Reply 

There  certainly  are  ways  that  the  turbine  designer  can  reduce  the  losses  due  to  film  cooling.  For  example,  the  two 
cooling  designs  which  were  examined  in  the  early  part  of  the  paper  “full  film”  and  “discrete  film”  were  designed  for 
the  same  cooling  performance  but  the  latter  was  specifically  aimed  at  reduced  cooling  losses.  The  results  show  that 
this  was  successful.  There  are  more  design  variations  which  we  have  successfully  applied  to  reduce  the  aerodynamic 
losses  of  film  cooling  which  cannot  be  discussed  in  this  paper.  An  important  point;  in  order  to  design  with  low 
cooling  losses,  the  initial  design  of  the  aerodynamic  flowpath,  airfoil  passages  and  stage  vector  diagrams  must  all 
include  the  coolant. 


A.R.Stuart.  UK 

The  tests  referred  to  in  the  paper  were  carried  out  at  a stage  loading 


AH 

2U^ 
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I would  like  you  to  comment  upon  the  effect  of  turbine  loading  and  Zweifel  coefficient?  In  addition,  how  much  of 
the  coolant  flow  was  ejected  from  the  rotor  blade  suction  surface,  and  how  much  was  ejected  from  the  suction 
surface  downstream  of  the  throat? 


Author’s  Reply 

Turbine  loading  and  Zweifel  coefficient  do  affect  the  film  cooling  losses.  The  loading  affects  the  relative  velocities 
and  thus  is  accounted  for  by  the  analytical  method.  The  Zweifel  coefficient  affects  the  cooled  surface  area  in 
addition  to  relative  velocities,  thus  this  effect  is  reflected  in  both  the  quantity  of  coolant  and  the  mixing  losses. 

Approximately  3%  W,,/Wp  coolant  was  injected  as  film  on  the  blade  suction  surface  for  the  two  test  configurations. 
Of  this  approximately  l/2%-l%  was  injected  downstream  of  the  throat. 


A.W.H.Morris,  UK 

Your  method  was  developed  from  subsonic  flow  data  but  in  your  example  of  its  application  you  have  transonic  flow 
in  which  losses  might  be  expected  to  be  different.  Would  you  please  comment. 

Author’s  Reply 

Other  test  results  indicate  that  the  analytical  method  is  valid  for  transonic  flow. 
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A.W.H.Morris,  UK 

In  your  application  example  you  cite  a 50-50  split  of  cooling  flow  between  stator  and  rotor.  Clearly  on  the  rotor  at 
the  high  blades  speed  the  relative  gas  temperature  is  lower  and  hence  less  cooling  air  should  be  required.  I would 
have  expected  more  coolant  on  the  stator  than  rotor.  Can  you  comment? 

Author's  Reply 

The  choice  of  a 50-50  split  of  coolant  for  the  example  calculation  was  entirely  arbitrary.  The  actual  split  is  a 
function  of  many  things,  including: 

• Vane  and  blade  materials, 

• Vane  and  blade  life, 

• Stage  reaction, 

• Blade  stress, 

• Vane  and  blade  Zweifel  coefficients. 


A.W.H.Morris,  UK 

What  influence  does  the  variation  of  Tg/Tc  have  on  losses  and  is  there  any  evidence  of  influence  from  the  absolute 
level  of  Tg  ? 

Author’s  Reply 

There  is  no  evidence  that  gas  temperature  level  affects  coolant  losses  directly,  however,  the  coolant-to-gas  tempera- 
ture ratio  is  an  important  parameter  and  the  effects  can  be  predicted  by  the  present  method. 
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THE  INFLUENCE  OF  JETS  OF  COOLING  AIR 
EXHAUSTED  FROM  THE  TRAILING  EDGES  OF  A SUPERCRITICAL  TURBINE  CASCADE 

ON  THE  AERODYNAMIC  DATA  ** 


Dr.  -Ing.  Ortwin  Lawaczeck 
DFVLR 


Bun3enstra3e  10 


D - 3400  Gottingen 


Summary 

In  a case  of  a stator  cascade  the  influence  of  jets  of  coolant  air  on  the  aerodynamic  behaviour  was  tested. 
The  jets  exhaust  from  the  trailing  edges  of  four  blades.  By  the  evaluation  of  wake  flow  measurements 
over  two  pitches  the  losses  and  the  downstream  flow  angle  were  determined.  In  addition  schUeren-pictures 
were  taken.  The  downstream  velocity  was  varied  from  a subsonic  over  a transonic  up  to  a supersonic 
flow.  The  rate  of  the  coolant  air  with  respect  to  the  primary  air  running  through  two  adjacent  blades  was 
changed  from  zero  to  four  percent.  The  measurements  were  carried  out  in  the  wind  tunnel  for  two-dimen- 
sional cascades  of  the  DFVLR-AVA  Gdttingen. 


Symbols 

a 

velocity  of  sound 

w 

velocity 

c 

chord  length  (fig.  1) 

Ai 

s 

difference  of  enthalpy  at  constant  entror 

c 

m 

mass  flow  rate  (eq.(l)) 

3 

flow  angle  (fig.  1) 

g 

pitch  length  (fig.  1) 

>'s 

stagger  angle  (fig.  1) 

h 

blade  height 

f 

energy  loss  coefficient  (eq.  (6)) 

M = — 
a 

Mach  number 

primary  efficiency  (eq.  (8)) 

m 

mass 

thermodynamic  efficiency  (eq.(4)) 

Pq  . P 

stagnation-,  static  pressure 

y 

ratio  of  specific  heat 

w.  c 

kinematic  viscosity 

R©  " • 

u 

XvvynulUb  nuiiiucx 

Tq,  T 

total,  static  temperature 

V 


Indices 


1 

2 

2’ 

c 

is 


homogeneous  flow  upstream 
homogeneous  flow  downstream 
local  flow  .values  downstream 
coolant 
isentropic 


♦ ) The  investigations  were  sponsored  by  Kraftwerk-Union  AG. , MUlheim/Ruhr,  Germany 
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1.  Introduction 

The  efficiency  of  gas  turbines  increases  with  increasing  turbine  inlet  temperature.  This  temperature  today 
is  high  enough,  that  the  turbine  blading  must  be  cooled  to  avoid  excessive  stress  and  oxidation  of  currently 
available  materials.  The  general  method  for  cooling  the  blading  is  to  bleed  air  from  the  compressor,  direct 
it  through  the  turbine  blades  for  cooling,  and  then  discharge  it  from  the  blade  into  the  main  gas  stream. 
There  are  different  procedures  of  cooling;  (1)  the  coolant  flow  discharges  from  rows  of  coolant  holes  on 
the  suction  surface  of  the  blade,  (2)  coolant  flow  is  ejected  from  a particular  trailing  edge  slot  more  or 
less  parallel  to  the  main  stream,  and  (3)  coolant  flow  is  ejected  over  the  complete  blade  surface  at  an 
angle  normal  to  the  blade  surface  (Ref.  [1]  to  [12]  ).  In  general  the  second  method,  significantly  increases 
the  turbine  work  output  (8)  . The  energy  of  the  coolant,  guided  into  the  wake  increases  the  energy  of  the 
boundary  layers  of  the  suction  and  pressure  sides.  It  is  also  possible  that  the  structure  of  the  wake  changes: 
the  vortex  streets,  shedding  from  the  trailing  edges  of  the  blades  may  be  suppressed,  which  in  turn  may 
lead  to  a reduction  of  profile  losses.  That  applies  especially  to  transonic  exit  flow  conditions,  since  in 
the  transonic  velocity  region  the  vortex  streets  are  considerably  thickened  [13,  14]  , On  the  other  hand, 
it  is  possible  that  the  methods  (1)  and  (3)  lead  to  certain  aerodynamic  penalties,  because  the  boundary 
layers  are  getting  thicker. 

In  any  case  it  is  necessary  to  investigate  the  behaviour  of  turning  angle  and  losses,  if  a coolant  flow  is 
ejected  from  the  blade.  To  determine  the  influence  of  a coolant  flow,  ejected  from  the  trailing  edges  of 
the  blades,  on  the  aerodynamic  data  of  a stator  cascade,  some  experiments  were  carried  out  in  the  two- 
dimensional  cascade  wind  tunnel  of  the  DFVLR-AVA  Gottingen.  The  total  temperatures  of  the  primary  air 
and  of  the  coolant  air  were  equal  and  atmospheric  air  was  used  for  the  two  flows.  The  tests  were  conducted 
at  sub-,  trans-  and  supersonic  exit  flow  velocities.  The  rate  of  coolant  air  to  primary  air  mass  flow  varied 
from  zero  to  four  percent. 


2.  Cascade  Geometry  and  Wind  Tunnel 

The  cascade  consisted  of  stator  blades  with  a chord  length  of  c = 52  mm.  The  cascade  geometry  was  de- 
fined by  a pitch  chord  ratio  of  g/c  = 0.83  and  a stagger  angle  of  y = 50  . The  profiles  used  and  the  cas- 

cade geometry  are  given  in  fig.  1. 

The  cascade  wind  tunnel  of  the  DFVLR-AVA  is  a suction  type  tunnel.  A detailed  description  of  the  facility 
is  given  in  Ref.  [15]  . The  test  section  can  accomodate  8-15  blades  of  a high  deflection  geometry  and 
nearly  20  blades  of  low  deflection  geometry.  In  general  the  blade  chord,  c,  is  50  to  60  mm  and  the  height, 
h,  is  125  mm.  Thus  the  height  chord  ratio,  h/c,  is  greater  than  two. 

A survey  of  the  usually  taken  data  is  given  in  fig.  2.  The  total  pressure  and  the  total  temperature  are 
measured  in  the  settling  chamber.  The  distribution  of  the  static  pressure  in  front  of  the  cascade  is  obtained 
from  pressure  taps  at  the  side  wall.  In  the  same  plane  the  flow  angle,  is  controlled.  The  local  values 
of  the  downstream  flow,  p , , p.,  and  0^1  are  measured  with  a wedge  type  probe,  specially  developed  for 
the  use  in  transonic  velocities  [16]  . The  distance  of  the  probe  from  the  exit  plane  can  be  varied.  For 
schUeren-pictures  the  blades  are  usually  fixed  within  the  glass-walls  with  the  aid  of  two  pins  at  each  side 
of  the  blade.  The  tunnel  has  a rectangular  nozzle  upstream  of  the  cascade  and  either  a free  jet  or  a tail- 
board downstream. 


The  coolant  air  was  taken  from  the  settling  chamber  and  led  to  the  blades  passing  a venturi-nozzle  for 
measuring  the  mass  flow  and  a throttling  valve  for  control  of  the  mass  flow.  It  is  sufficient  to  supply  four 
blades  of  the  cascade  with  coolant  air  (fig.  3).  The  air  supply  to  each  of  the  four  blades  is  done  from  both 
sides  of  the  cascade  to  ensure  a constant  flow  ejection  along  the  height  of  the  blade  trailing  edge.  The  way 
of  the  coolant  flow  within  one  blade  is  shown  in  fig.  4.  There  are  provisions  for  measuring  the  total  pressure, 
Pq^,  within  the  blade  and  the  static  pressure,  p , near  the  trailing  edge. 


3.  Test  Program  and  Evaluation  of  the  Measurements 


The  coolant  mass  flow  is  related  to  the  primary  flow,  passing  through  two  adjacent  blades: 

m 

(1)  c = 

tn  m j 

This  relative  mass  flow  was  varied  from  zero  to  four  percent  in  the  following  steps: 

' 0;0.5*;1^;2^;3^;4^ 

The  downstream  flow  Mach  numbers  were  changed  from  M„  = 0.5  to  1.4  . The  upstream  flow  angle  was 
= 90  . The  local  flow  values  were  measured  by  traversing  over  two  pitches,  to  check,  whether  the  flow 

was  periodic.  The  probe  was  mounted  in  a distance  of  60  mm  normal  to  the  exit  plane.  Fig.  5 shows  the 
cascade  in  the  wind  tunnel  together  with  the  probe  and  the  window  for  schUeren-pictures.  The  schUeren- 
pictures  are  taken  with  a spark  Ught  source  with  a flash  duration  of  about  20-  10*°^  sec. 
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The  local  flow  values  are  transformed  to  a homogeneous  flow  far  downstream  which  is  obtained  by  appli- 
cation of  the  equations  of  conservation  for  mass,  momentum  and  energy  across  the  controle  volume  II  in 
fig.  2 . This  method  is  described  in  Ref.  (17)  . 


In  the  present  paper  the  following  characteristic  data  of  the  cascade  are  given: 

the  downstream  flow  Mach  number,  M^ 

- the  downstream  flow  angle,  [°] 
the  energy  loss  coefficient,  ^ 
the  primary  efficiency, 

The  energy  loss  coefficient  is  in  general  defined  for  a cascade  as  follows; 


(^‘sc' 


Assuming,  at  first,  that  the  total  temperatures  of  the  upstream  flow,  T^^  , of  the  coolant  flow,  T^^  , and 
of  the  downstream  flow,  T^^^  . different  (fig.  6),  eq.(2)  can  be  written  in  the  form; 


(^02-  '^2)0"=m) 


V 02  ~2/^ 

'’Ol  - "’2is)  " ('^Oc 


T . Vc 
CIS  / m 


This  definition  can  be  related  to  the  thermodynamic  efficiency  of  Ref.  [2]  ; 

(4)  C = 1 - 

In  the  tests  described  in  this  paper  the  total  temperatures  were  equal  to  each  other; 


Taking  into  acc  'unt  eq.  (5),  the  eq.  (3)  can  be  transformed  to: 


e = 1 - 


— ^2 


(l+  c ) 
' m ' 


- 1 w 2 

+ 

2 2 


In  addition  to  the  energy  loss  coefficient,  ^ , in  the  literature  the  primary  efficiency  is  used,  which  relates 
the  actual  kinetic  energy  of  the  total  flow  to  the  ideal  energy  of  only  the  primary  flow  and  is  expressed  in 
general  as 


"*1  (^"02  - "^2)  ^ “2  ("^00  - "^2) 


("^01  ■ '^2isj 


' If-eq.  (5)  is  vaUd,  the  eq.  (7)  can  be  transformed  to: 


(l+c  )- 

' m/ 


2 "*2 


J 


The  primary  efficiency  can  reach  values  greater  than  one.  That  may  be  useful  in  such  cases,  where  the 
coolant  air,  bleeding  from  the  compressor,  is  treated  as  a loss  in  the  energy  balance  of  the  whole  gas 
tu.rbine . 


4.  Results  and  Discussion 

To  show  the  aerodynamic  influence  of  the  coolant  air  on  the  characteristic  cascade  data,  the  following 
values  are  presented: 

downstream  flow  angle  versus  downstream  Mach  number 
fig.  8 energy  loss  coefficient  versus  downstream  Mach  number 

primary  efficiency  versus  downstream  Mach  number 
fig.  10  energy  loss  coefficient  versus  relative  coolant  mass  flow 
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In  addition  the  results  of  the  pressure  measurements  within  the  blade  are  plotted 
fig.  11  total  pressure  ratio  Pq2/Poc 

fig.  12  pressure  ratio  Pj,/Pqj,  versus  downstream  Mach  number 

fig.  13  pressure  ratio  downstream  Mach  number 

Finally  three  schUeren-pictures  (fi|g_j_14^_15j_16j  are  presented  showing  the  influence  of  the  coolant  mass 
on  the  flow  field  in  the  sub-,  trans-  and  supersonic  exit  flow.  The  upper  blade  in  these  pictures  has  no 
coolant  ejection  whereas  the  two  lower  blades  are  provided  with  slots  for  the  coolant  air. 

Looking  first  to  the  results  of  the  investigated  cascade  without  ejection,  one  can  see,  that  the  losses  in 
the  subsonic  region  are  more  or  less  constant  (fig.  8),  but  on  approaching  transonic  flow,  the  losses  in- 
crease rapidly  with  increasing  Mach  number.  The  downstream  flow  angle  (fig.  7)  shows  a corresponding 
tendency.  The  schlieren-pictures  give  an  obvious  explanation  for  the  increase  of  losses.  In  the  high  sub- 
sonic flow  there  is  only  a small  separation  at  the  suction  side  of  the  blade.  This  separation  becomes  severe 
in  the  transonic  exit  flow  case.  The  separation  point  is  moving  upstream.  The  weikes  are  broadening  and 
are  growing  together  just  immediately  behind  the  cascade.  With  a further  Increase  of  the  Mach  number  up 
to  supersonic  exit  flow  the  waJces  decrease  slightly  and  the  separation  point  moves  downstream.  The  reason 
tor  the  separation  in  trans-  and  supersonic  exit  flow  lies  in  the  fact,  that  behind  the  throat  the  suction  side 
is  curved.  This  causes  an  overexpansion,  which  is  terminated  by  a normal  shock  leading  to  separation 
(fig.  15). 

The  schlieren-pictures  (fig.  16)  show  that  the  boundary  layer  separation  is  of  the  laminar  type,  the  separa- 
tion occurs  tangentially.  The  m^imum  test  Reynolds  number,  based  on  chord  length  and  on  downstream 
flow  conditions,  is  •«  7-  10^,  whereas  the  Reynolds  number  for  the  fullscale  gas  turbine  is  ten  times 
greater.  But,  when  using  a tripping  wire  to  induce  transition,  the  loss  rise  between  M^  <*<0.9  to  M^  <x  0.  95 
IS  shifted  only  slightly.  The  maximum  loss  is  not  affected. 

The  coolant  flow  has  no  influence  on  the  critical  Mach  number  (figs.  8 and  9),  but  in  all  other  cases  there 
is  a remarkable  influence  of  the  coolant  on  the  losses  and  on  the  downstream  flow  angle.  Prior  to  the  dis- 
cussion of  this  influence,  some  remarks  should  be  made  on  the  measurements  and  their  evaluation.  The 
local  flow  values  are  measured  over  two  pitches,  the  upper  and  the  lower  pitch  of  fig.  5,  to  check,  whether 
there  are  periodic  flow  conditions  for  the  two  blades  in  the  middle  of  the  cascade.  The  evaluation  for  both 
pitches  results  in  the  same  downstream  flow  values  (see  in  the  figs.  7,  8,  9 the  values  of  c =0  and 

m 

Except  for  the  critical  Mach  number,  there  is  a remarkable  influence  of  the  coolant  mass  flow  on  the  down- 
stream flow  values.  This  is  shown  in  fig.  10  for  two  discrete  subsonic  and  two  discrete  supersonic  down- 
stream Mach  numbers.  The  losses  have  a minimum  at  c ««  3 ijt.  This  is  true  for  the  subsonic  as  well  as 
for  the  supersonic  flow.  But  it  should  be  regarded,  that  tfie  total  pressure  of  the  coolamt  in  the  blade  changes 
with  the  downstream  Mach  number  (fig.  lljiln  order  to  investigate  the  influence  of  the  total  pressure,  p^  , 
at  equal  downstream  Mach  numbers  and  equal  coolant  flow  rates,  and  in  order  to  find  out,  whether  the 
tendency  for  the  influence  of  the  coolant  on  the  losses  can  be  generalized,  further  experiments  are  planned. 
The  velocity  of  the  coolant,  when  leaving  the  blade  was  subcritical  in  all  cases  investigated  (fig.  12). 

The  schUeren-pictures  show  the  influence  of  the  coolant  on  the  flow  field(figs.  14,  15,  16).  In  sub-  and  trans- 
sonic flow  there  is  only  a small  change  in  the  wake,  but  at  supersonic  exit  Mach  numbers  a distinct  change 
of  the  flow  field  in  the  exit  area  is  visible.  Without  coolant  flow  the  expansion  fan  at  the  traiUng  edge  is 
stronger  than  with  coolant  flow  for  the  same  pressure  drop  over  the  cascade  (see  fig. 16  ,the  upper  blade 
without  coolant  and  the  two  other  blades  with  coolant  air).  Obviously  the  wake  is  energetically  enriched 
so  that  there  is  no  need  for  the  expansion  fans  at  the  traiUng  edges  to  be  as  strong  as  in  cases  without 
coolant  air.  This  may  explain  the  lower  losses  when  coolant  air  is  ejected  from  the  trailing  edges  of  the 
cascade. 


5.  Summary 


Investigations,  carried  out  in  the  wind  tunnel  for  two-dimensional  cascades  of  the  DFVLR-AVA  Gdttingen, 
show  the  influence  of  a coolant  flow,  ejected  from  the  trailing  edges  of  stator  blades  on  the  downstream 
flow  values,  i.e.  flow  angle  and  losses.  The  coolant  flow  rates,  based  upon  the  primary  mass  flow,  were 
changed  from  zero  to  four  percent  in  a downstream  Mach  number  region  of  M = 0.  5 to  1.4  . In  the  sub- 
and  supersonic  exit  flow  cases  the  losses  are  decreased  with  an  increasing  coolant  flow  rate  up  to  c ••  3 4. 
With  a further  increase  of  the  coolant  air  the  losses  increase  again.  The  critical  Mach  number,  at  ^ich 
the  losses  increase  - due  to  separation  - suddenly,  was  not  affected  by  the  coolant  mass  flow.  The  influence 
of  the  jet  on  the  turning  was  comparatively  small. 
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DISCUSSION 


D.Littie,  Canada 

( 1 ) How  laige  was  the  suction  surface  turning  downstream  of  the  throat? 

(2)  What  was  the  o/s  ratio? 

(3)  What  was  the  trailing  edge  thickness/pitch  ratio? 


Author’s  Reply 

( 1 ) The  suction  surface  turning  downstream  of  the  throat  was  nearly  20°. 

(2)  The  throat  o here  is  defined  as  the  shortest  distance  between  two  adjacent  blades;  s is  the  pitch  length. 
The  o/s  ratio  was  0.406. 

trailing  edge  thickness 

(3)  The  ratio 


pitch  length 


was  0.06. 
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A NEW  TRANSIENT  CASCADE  FACILITY  FOR  THE  MEASUREMENT  OF  HEAT  TRANSFER  RATES 

D.L.  Schultz,  T.V.  Jones,  M.L.G.  Oldfield  and  L.C.  Daniels 
Department  of  Engineering  Science,  Oxford,  U.K. 


Summary;  A new  type  of  transient  cascade  has  been  developed  for  testing 
turbine  blades  and  nozzle  guide  vanes  at  full  scale  engine  Reynolds  and 
Mach  numbers.  It  Is  based  on  a free  piston  compressor  capable  of  producing 
uniform  flow  conditions  for  periods  between  0*3  and  1-0  secs.  Heat  transfer 
rate  measurements  are  made  using  thin  film  surface  resistance  thermometers 
deposited  onto  Insulating  substrates  sucn  as  quartz  or  machinable  glass 
ceramic.  Pressure  distributions  may  also  be  obtained  using  conventional 
model  techniques.  Flow  visualisation  using  schlleren  and  holographic 
techniques  has  also  been  employed  and  typical  results  from  rotor  blades 
will  be  presented.  The  principle  of  operation  of  the  cascade  Is  described 
together  with  the  basis  of  Its  mechanical  design  and  the  predicted  perform- 
ance compared  with  experimental  observations.  The  technique  Is  shown  to 
have  advantages  both  In  cost  and  effectiveness  over  continuous  running 
cascades. 

Nomenclature 
W Pump  tube  volume 

A cross  sectional  area  of  pump  tube 

A*  throat  area 

a sound  speed 

Ttube  time  for  gas  In  tube  to  be  expelled 

Trun  flow  duration 

M Mach  number 

F "matching"  pressure 

Po  Initial  pressure  In  pump  tube 

Re  Reynolds  number 

T Temperature 

m mass  flow  rate 

V volume  of  driver  cylinders 

L length  of  pump  tube 

M Piston  mass 

u piston  velocity 

u/U  turbulence  level 

a thermal  dlffuslvlty 

4 heat  transfer  rate 

p density 

c specific  heat  of  substrate 
k thermal  conductivity  of  substrate 

s Laplace  transform  variable 

H Heaviside  step  function 


through  blade  throat 


Subscripts 

r reservoir  (high  pressure) 
b blade 

o Initial  pump  tube  conditions 
s surface 


1.  Introduction;  The  development  of  high  temperature  gas  turbines  Is  dependent  upon 
facilities  which  are  necessarily  expensive  In  terms  of  capital  cost  and  direct  operating 
costs  so  that  research  aimed  at  new  engine  designs  may  be  handicapped  If  It  Is  conducted 
In  an  operating  engine  rig.  The  basic  tool  of  much  turbine  aerodynamic  research  Is  the 
cascade,  but  even  this  reduction  In  scale  can  lead  to  demands  for  large  air  compressors 
In  the  case  of  cold  aerodyneimlc  studies  on  compressor  blades,  nozzle  guide  vanes  and 
turbine  rotor  blades.  For  studies  of  the  heat  transfer  rate  to  rotor  blades  It  Is 
common  practice  to  utilise  a segment  of  an  existing  engine  combustion  system,  to  supply 
this  with  compressed  air  from  a central  plant  and  to  test  blades  fabricated  from  high 
temperature  alloys.  In  the  latter  case  It  Is  possible  to  achieve  full  scale  engine 
stagnation  temperatures  but  the  expense  of  producing  special  blades  for  research  purposes 
can  Inhibit  thorough  Investigation  of,  for  Instance,  various  Internal  and  external  (l.e. 
film)  cooling  systems.  As  an  example  of  the  power  requirements  for  such  heat  transfer 
studies  It  can  be  shown  that  a cascade  with  an  Inlet  area  25cm  x 7- 5cm,  operating  at 
2 "75  MN/m^  stagnation  pressure,  1600K  stagnation  temperature  with  Inlet  Mach  number  0*3 
has  an  effective  Inlet  power  of  12  megawatts.  Clearly  the  direct  operating  costs  of 
such  a facility  reduce  the  scope  of  any  Investigation  to  essential  measurements.  There 
exists,  therefore,  a requirement  for  a facility  which  will  operate  at  full  scale  engine 
conditions  but  In  a transient  mode  so  that  although  the  power  flow  Is  correct,  the  total 
energy  demand  Is  substantially  reduced.  This  feature  of  transient  facilities  Is 
especially  advantageous  to  university  research  laboratories  where  the  capital  and  running 
costs  of  continuous  running  high  performance  heat  transfer  cascades  effectively  prohibits 
research  under  realistic  conditions.  Much  valuable  blade  cooling  research  has  been  done 
In  low  speed  facilities  but  finally  the  theories  must  be  tested  at  the  correct  Mach  and 
Reynolds  number,  pressure  gradient,  surface  curvature  and  the  obvious  solution  Is  to  re- 
sort to  an  actual  blade  profile. 

Such  a transient  facility  should  be  capable  of  attaining  and  exceeding  full  scale 
blade  Reynolds  numbers,  Mach  numbers  and  gas-to-wall  temperature  ratios.  If  blade  film 
cooling  Is  to  be  Investigated  It  should  be  possible  to  Initiate  the  coolant  flow  and  to 
monitor  It  during  the  test.  Ideally  It  should  be  possible  to  measure  the  same  quantit- 
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ies  as  those  familiar  to  blade  designers,  i.e.  heat  transfer  rate,  static  pressure  dist- 
ribution and  blade  loss  coefficients. 

When  transient  techniques  are  employed  it  is  possible  to  start  the  test  with  the 
model  cold.  Even  with  the  very  high  heat  transfer  rates  associated  with  high  pressure 
turbine  stages,  the  rise  in  blade  temperature  during  a short  run  is  such  that  materials 
such  as  aluminium  may  be  used  for  model  construction.  If  the  gas-to-wall  temperature 
ratio  is  taken  as  the  parameter  for  the  modelling  of  heat  transfer  processes  through  the 
boundary  layer  it  will  be  seen  that  a stagnation  temperature  of  approximately  520K  will 
simulate,  with  a room  temperature  model  at  288K  a gas  total  temperature  of  IBOOK  and 
blade  temperature  of  HOOK. 

Gas  temperature  of  this  magnitude  can  readily  be  obtained  in  a transient  mode  by 
single  stroke  isentropic  compression  and  a compression  ratio  of  3*71  would  suffice  to 
reach  a final  temperature  of  420K  starting  from  288K.  Isentropic  compression  is  not 
very  well  suited  to  the  attainment  of  temperatures  much  in  excess  of  about  BOOK,  starting 
from  ambient,  because  of  the  high  pressure  ratios  required  but  such  a temperature  with  a 
model  initially  at  288K  would  give  a gas-to-wall  temperature  ratio  of  2-08,  above  that 
required  to  simulate  future  engine  operating  conditions. 

An  additional  advantage  in  operating  with  models  initially  at  ambient  temperature 
and  gas  total  temperatures  around  450  to  BOOK  is  the  marked  increase  of  unit  Reynolds 
number.  For  example,  Reynolds  number  per  metre  per  Pascal  increases  from  B-17  at  M =0-2 
to  25"93  with  a decrease  in  total  temperature  from  1B20K  to  450K  - a gain  of  just  over 
four  times  in  Reynolds  number. 

The  research  described  in  the  present  paper  is  largely  concerned  with  the  use  of 
a novel  form  of  free  piston  compressor  which  meets  many  of  the  requirements  for  blade 
simulation  in  a transient  cascade  but  the  original  turbine  related  heat  transfer  studies 
at  O.U.E.L.  were  made  in  a shock  tunnel,  Ref.l.  Shock  tubes  have  been  employed  for  heat 
transfer  research  for  many  years,  largely  associated  with  hypersonic  vehicle  problems  and 
the  Mach  numbers  attained  have  generally  been  in  excess  of  5 to  7 although  the  reservoir 
temperatures  and  press'’res  have  been  20Cxj  to  3500K  and  100  to  200  Atm,  Ref. 2.  The  flow 
conditions  in  a turbine  are  of  course  far  removed  from  these  but  it  has  been  possible  to 
operate  a reflected  shock  tunnel  in  a subsonic  mode  by  locating  the  throat  downstrecun  of 
the  working  section.  Ref. 3.  The  flow  Mach  number  is  in  this  case,  as  in  the  hypersonic 
nozzle,  a function  of  throat  to  working  section  area  ratio  although  the  starting  time 
is  longer  because  the  conventional  nozzle  diaphragm  used  to  establish  the  flow  in  the 
working  section  is  now  some  way  upstream  of  the  throat.  Flow  durations  of  between  5 and 
10  milliseconds  were  obtained  at  high  Reynolds  numbers  (15x10 '/metre)  and  Mach  n<ambers 
(0*2  to  0-8)  in  the  shock  tunnel  described  in  Ref. 3 and  similar  studies  have  been  report- 
ed by  Louis  et  al.  Ref.  4. 


2 . Design  Requirements  for  Transient  Cascade  Facilities;  Although  there  is  a wide 
range  of  operating  conditions  to  be  found  in  modern  gas  turbines  a cascade  should  be 
capable  of  operating  up  to  and  beyond  the  most  stringent  found  in  advanced  engine  designs. 
This  implies  that  rotor  blade  Reynolds  numbers  around  lo'  based  on  true  chord  inlet  con- 
ditions, inlet  Mach  numbers  between  0*2  and  0*8  and  gas-to-wall  temperature  ratios  up  to 
2 should  be  attainable.  Conventional  cascades  generally  provide  for  a large  number  of 
blades  to  ensure  that  exit  static  pressures  are  constant  across  the  rear  pleme  of  the 
central  Instrumented  blades.  While  this  is  a desirable  target  it  represents  a consider- 
able wastage  of  power  in  a transient  facility  and  provision  for  a limited  number  of 
blades,  say  5 to  8,  is  acceptable  provided  care  is  taken  to  check  the  constancy  of  inlet 
and  exit  conditions.  The  aspect  ratio  of  the  blades  should  preferably  be  large  also  to 
reduce  the  effect  of  secondary  flows.  Span  to  throat  aspect  ratios  of  3 or  greater  are 
generally  aimed  at  in  conventional  cascades  although  values  as  low  as  1*5  or  2 have  been 
used.  Reduction  of  the  aspect  ratio  makes  the  task  of  instrumenting  a blade  section 
simpler  but  care  must  be  taken  to  ensure  that  measurements  are  not  made  in  regions  which 
are  influenced  by  secondary  flow  unless  attention  is  directed  especially  at  this  pheno- 
menon . 

The  single  most  important  characteristic  of  a transient  cascade  facility  is  the 
flow  duration  and  the  Influence  which  this  has  on  the  pareuneters  which  can  be  measured. 
One  of  the  prime  advantages  of  transient  techniques  is  that  it  is  much  easier  to  measure 
heat  transfer  rates  in  such  facilities  than  in  continuously  operating  devices.  The  use 
of  thin  film  heat  transfer  gauges  whereby  the  temperature  of  the  model's  surface  of 
known  thermal  properties  is  measured, enables  heat  cranster  rates  ranging  up  to  Ikw/cm^ 
to  be  determined  with  good  accuracy  , Ref.  5.  Since  the  model  surface  temperature  will 
only  rise  a few  tens  of  degrees  C in  times  up  to,  say,  1 second  the  model  can  be  fabric- 
ated from  readily  machinable  materials  such  as  aluminium  although  current  practice  is 
still  to  mount  thin  film  gauges  on  quartz  , Pyrex  or  machinable  glass  ceramic*  subtrates 
machined  to  match  the  contour  of  the  model.  The  measurement  of  static  pressure  distrib- 
ution about  a blade  can  be  made  using  externally  mounted  pressure  transducers  provided 
the  rise  time  of  the  connecting  hypodermic  tubing  is  short.  In  order  to  retain  the 
techniques  normally  encountered  in  conventional  cascades  it  should  be  possible  to  fill 
lengths  of  up  to  25cm  of  0*5mm  bore  hypodermic  tubing  in  the  running  time  of  the  transient 
cascade . 

* Corning  MACOR. 
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High  accuracy,  at  least  to  1%  Is  generally  sought  In  such  pressure  measurement  so 
that  the  transducer  itself  should  be  capable  of  rapid  response  and  have  a stable  cali- 
bration factor.  These  requirements  are  met  by  quartz  pressure  tranducers  coupled  to 
modern  charge  amplifiers.  More  recently  integrated  circuit  semiconductor  tranducers 
have  been  used  with  good  results. 

Finally  the  transient  cascade  should  Itself  have  flow  properties  which  are  closely 
repeatable  from  run  to  run  and  which  are  constant  during  the  flow  duration.  It  will 
be  seen  that  all  of  the  above  features  of  cascade  operation  and  instrumentation  are  met 
in  the  isentropic  free  piston  cascade  which  provides  an  economic  and  convenient  facility 
for  turbine  aerothermodynamic  research  and  development.  The  following  sections  In  this 
paper  describe  the  principles  of  operation  and  the  design  features  of  the  large  O.U.E.L. 
cascade.  A pilot  study  of  the  free  piston  compressor  principle  was  made  in  1970  and 
reported  in  Ref.  6 and  subsequently  a larger  prototype  was  built  (ref.  7)  to  enable 
more  detailed  measurements  to  be  made  of  flow  duration,  properties  and  constancy  as  a 
prelude  to  the  design  of  the  larger  cascade. 


3.  The  Free  Piston  Compressor  (a)  Principle  of  operation;  The  operation  of  the  de- 
vice may  be  explained  with  reference  to  Figs . 1 and  2 (a  general  view  of  the  cascade  is 
shown  in  Fig  2 (b) ) The  system  comprises  a high  pressure  reservoir  connected  via  a 
valve  and  throat  to  a pump  tube  which  in  turn  discharges  through  the  working  section 
nozzle  into  a dump  tank.  A piston  runs  freely  in  the  pump  tube  which  is  bored  and 
honed  to  within  ± 75|im  to  provide  a smooth  passage  for  the  piston  which  commences  its 
travel  at  the  high  pressure  reservoir  end  of  the  pump  tube.  A fast  acting  gate  valve 
isolates  the  pump  tube  from  the  working  section  during  the  compression  stage  of  the 
cycle.  With  the  piston  in  its  initial  retracted  position  the  reservoir  valve  is  opened 
and  air  from  the  high  pressure  reservoir  flows  through  the  reservoir  throat,  driving  the 
piston  down  the  pump  tube  and  compressing  the  test  gas  ahead  of  it.  When  this  gas  has 
been  compressed  to  a specified  pressure,  determined  by  a pressure  trauisducer,  the 
fast  acting  gate  valve  is  opened  and  the  test  gas  flows  into  the  working  section.  If 
the  areas  of  the  reservoir  throat  and  the  blade  throats  are  arranged  so  that  the  volum- 
etric flow  rate  out  of  the  pump  tube  into  the  working  section  is  equal  to  the  flow  rate 
coming  into  the  region  behind  the  piston  from  the  reservoir  then  the  test  gas  conditions 
will  remain  constant  until  the  piston  reaches  the  nozzle  entrance.  With  this  condition 
satisfied  the  cascade  is  said  to  be  operating  in  a "matched"  mode.  A comprehensive 
theory  for  the  operation  under  these  conditions  is  given  in  Ref.  6. 

A simple  theory  repeated  here  for  convenience  from  Ref. 6 may  be  established  for  the 
performance  of  the  system  if  it  is  assvimed  that  the  piston  is  light  so  that  the  pressures 
on  either  side  of  it  are  equal.  The  time  scale  of  operation  must  therefore  be  long  in 
comparison  with  the  transit  time  of  a sound  wave  down  the  tube.  It  is  further  assumed 
that  the  compression  process  is  adiabatic  and  that  piston  friction  may  be  neglected.  If 
further  the  piston  velocity  is  much  less  than  the  local  speed  of  sound  then  the  kinetic 
energy  of  the  gas  within  the  cylinder  may  also  be  neglected.  Departures  from  ideal 
behaviour  caused  by  finite  piston  mass  are  included  later  in  the  analysis  as  is  the 
effect  of  a finite  high  pressure  reservoir  volume. 

With  these  simplifying  assumptions  it  is  possible  to  determine,  from  the  energy 
equation,  the  gas  conditions  within  the  tube. 


If  the  gate  valve  connecting  the  pump  tube  to  the  working  section  were  opened  at 
the  same  instant  as  the  valve  between  the  reservoir  and  pump  tube  the  gas  within  the 
tube  would  be  expelled  in  a time,  called  the  "tube  time"  found  from  simple  continuity 
considerations . 


W 


(1) 


The  actual  running  time  is  less  than  this  because  the  volume  of  test-gas  is  reduced  by 
the  compression  required  to  heat  the  gas  to  the  desired  temperature. 

/PI,  \J[±L 

Thus  / — =— ) i »' 


'tube. 

The  matching  temperature  is  then  obtainet^f rom  the  isentropic  relationship 

•To 

Substituting  eqn  (3)  in  (2)  gives  i 

* ( ~^ — X 'C'tubc. 

Equations  (4)  and  (1)  may  be  combined  to  give 
volume  W required  to  produce  a given  run  time 
commencing  with  an  initial  gas  temperature  of 


(2) 


(3) 


(4) 
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pu 

xrun  at  a given  total  temperature  T 
To  (which  in  turn  determines  ao) . 
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These  equations  are  presented  In  nomographic  form  In  Fig.  3 for  an  Initial  gas  temperat- 
ure To  of  300K.  Also  shown  on  the  nomogreun  Is  the  standard  relationship  between  working 
section  area,  Mach  number  and  throat  area  such  that  from  the  former  the  throat  area  may 
be  found,  together  with  the  necessary  tube  volume  W.  Referring  to  the  nomogram  which 
Is  designed  to  cover  a wide  range  of  working  section  Mach  numbers;  the  method  of  employ- 
ing the  nomogram  Is  as  follows: 

(1)  Enter  the  chart  from  the  bottom  with  the  required  wciklng  section  Mach  number  and 
read  off  the  nozzle  throat  area  for  a given  working  section  area.  The  example 
shown  Is  actually  for  Mb5  so  that  for  a working  section  area  of  ICXDcm^  a nozzle 
throat  area  of  3-5cm^  would  be  required. 

(2)  Entering  the  chart  from  the  top  at  the  desired  stagnation  temperature,  900K  In  the 
excunple,  a tube  time  t of  2*8  secs  Is  read  off  If  the  desired  flow  duration  Is  1 
second. 

(3)  The  line  joining  the  nozzle  throat  area  A*  to  the  tube  time  Intercepts  the  central 
scale  at  the  pump  tube  volume,  l*5m’  In  the  example. 

It  will  be  seen  from  equation  (3)  that  there  Is  a substantial  advantage  In  having 
an  Initial  tube  temperature  To  higher  than  300K  since  the  Isentroplc  process  requires  a 
pressure  ratio  of  11*31  to  attain  a final  temperature  of  600K  starting  from  3C)OK  but  only 
4*13  If  the  Initial  pump  tube  temperature  Is  raised  to  40OK.  The  potential  gain  In 
running  time  with  a preheated  pump  tube  Is  shown  In  Fig. 4.  Equally  there  Is  a gain  In 
running  time  If  the  total  temperature  for  a given  total  pressure  Is  reduced.  But  this 
potential  gain  must  be  considered  In  conjunction  with  the  aim  of  correct  temperature 
ratio  simulation.  The  high  compression  ratio  required  to  reach  temperatures  much  above 
600  to  700K  makes  the  device  more  suited  to  operation  below  these  total  temperatures, 
but  this  still  enables  gas-to-wall  temperature  ratios  In  excess  of  2 to  be  obtained  for 
correct  engine  simulation. 


equation 


The  time  for  the  compression  process  to  be  completed  can  be  calculated  from  the 
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derived  by  considering  the  gain  In  energy  of  the  gas  within  the  tube  to  be  equal  to  that 
lost  by  the  high  pressure  reservoir  gas.  Thus  from  equations  (6)  and  (1),  and  Inatchlng" 
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The  time  for  the  gas  to  reach  P from  Po  may  be  approximated  by 


U,  Tc  = 

or  In  terms  of  the  temperature  ratio 
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The  compression  time  may  be  read  off  the  nomogram  In  Fig.  3 using  the  scales  on  the  right 
for  T.  This  time  would  be  of  concern  If  It  were  so  long  that  the  compression  process 
ceased  to  be  adiabatic  but  there  Is  no  evidence  of  this  departure  from  Ideal  behaviour 
In  the  measurements  made  In  the  Oxford  facilities  where  the  compression  times  are 
typically  less  than  1 second. 


3 (b)  Design  target  for  the  Oxford  Onlversltv  transient  cascade;  The  experience  gained 
with  the  prototype  free  piston  compressor  indicated  that  In  most  respects  a simple  first 
order  theory  was  adequate  to  explain  the  main  features  of  Its  performance.  The  compress- 
ion process,  "matching"  of  reservoir  and  working  section  throat  areas,  flow  duration  and 
constancy  of  flow  conditions  were  all  predicted  well.  Ref.  7,  although  the  duration  of 
'hot'  flow  was  found  to  be  about  25%  less  than  the  total  flow  duration.  This  was  found 
to  be  due  to  the  doughnut  vortex  rolled  up  In  front  of  the  piston.  Consequently  the 
size  and  shape  of  the  transient  cascade  was  based  on  the  testing  requirements  of  two  typ- 
ical sets  of  blades.  One  such  set  was  a nozzle  guide  vane  row  with  the  total  throat 
area  of  58cm*  operating  at  high  pressure,  0*83  MN/m* , total  temperature  of  450K  and  the 
other  set  was  a high-pressure  rotor  row  with  a total  throat  area  96cm*,  total  pressure  of 
0*43  MN/m*.  With  a temperature  ratio  of  2*04  as  an  upper  limit  the  ratio  rrun/rtube  Is 
obtained  from  equation  (4)  since  for  air  with  y»1.4  this  reduced  to: 
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Thus  for  a run  time  of  0*1  secs  the  tube  time  Ttube  must  be  0*85secs.  From  equation  (1) 
the  tube  volume  W may  then  be  derived  for  each  of  the  requisite  throat  areas  Ag* 
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Taking  the  larger  of  the  two  blade  nozzle  areas  as  the  maximum  it  is  seen  that  a pump 
tube  volume  of  about  57ft’  will  be  required  and  will  give  running  times  of  O’ 167  seconds 
with  the  smaller  of  the  two  working  section  nozzle  areas  at  T = 450K.  The  pump  tube 
design  was  therefore  based  on  the  larger  value  and  the  internal  diameter  and  length 
determined  by  the  available  machining  capacity  of  firms  expert  in  honing  large  cylinders. 
A bore  of  24"  (60’96cm)  and  a length  of  18ft  (5* 486m)  could  be  accomodated  in  a suitable 
industrial  honing  machine  and  thus  the  value  of  W was  fixed  at  56*55  ft’  (l’60ir.’), 
slightly  below  the  target  figure  of  57 •39ft’.  The  expected  flow  duration  of  the  pump 
tube  is  shown  as  a function  of  nozzle  throat  area  and  total  temperature  in  Fig.  5.  The 
tube  diameter  has  to  be  large  in  comparison  with  the  nozzle  entrance  area  so  that  the 
rarefaction  wave,  formed  when  the  fast  acting  outlet  value  opens,  does  not  become  a 
significant  fraction  of  the  total  pressure.  The  magnitude  of  this  pressure  disturbance 


is  given  by 


±1  = ^ (^) 


(9) 


with  A*=15in’ (95’8cm’)  and  A=iTft’ (2918cm’)  the  value  of  AP/P  is  5*25%,  an  acceptable 
level.  The  pump  tube  was  stressed  for  a maximum  working  pressure  of  500  psla  (5*51 
MN/m’).  The  tube  was  fabricated  by  rolling  and  welding  1*25  in  thick  (3*175cm)  plate 
followed  by  boring  and  honing.  The  bore  is  true  to  ± 0*004  in  (0* 1016mm)  over  its 
length  and  departures  from  circular  cross  section  do  not  exceed  0*005in  (O* 127mm).  The 
circularity  and  constancy  of  the  bore  are  regarded  as  essential  for  the  attainment  of 
constant  flow  properties. 


3(c)  High  pressure  reservoir  requirements;  In  the  simplified  analysis  presented  in 
section  3(a)  it  was  assumed  that  the  pressure  in  the  high  pressure  reservoir  did  not 
fall  during  the  compression  process,  i.e.  it  had  an  infinite  volume  and  allowance  must 
be  made  for  the  effect  of  finite  reservoir  volume.  It  can  be  shown.  Ref.  6,  that  the 
fall  in  pressure  Ap  in  total  pressure  due  to  a finite  reservoir  volume  can  be  expressed 
in  the  form  r^r-l)  WP  / Po  \ '^/Y 

-p  ~ 4 YrPr  ( -pj 

Clearly  the  higher  Pr  is  to  start  with  the  lower  the  fall  in  total  pressure  during  the 
running  time.  Starting  with  the  value  of  W=56‘ 55f t ’ (1* 6m’ ) for  the  pump  tube,  curves 
showing  the  value  of  PrVr  as  a function  of  Ap/P  may  be  prepared_with  P as  an  Independent 
variable.  Examples  of  these  are  shown  in  Fig.  6 for  the  case  P/Po=12*29  i.e.  a total 
temperature  of  600K  and  an  initial  tube  temperature  of  293K.  The  five  storage  cylinders 
available  for  use  on  the  facility  had  a total  volume  of  10* 55f t ’ (0* 30m’ ) and  it  can  be 
seen  that  the  fall  in  stagnation  pressure  due  to  the  finite  reservoir  volume  is  1*66% 
at  P = 200  psi  (1*38  MN/m’) . Operation  at  higher  total  pressures  results  in  larger 
values  of  Ap/P  and  additional  storage  would  be  desirable.  Operation  of  the  storage 
cylinders  at  2000  psi  (13*8  MN/m’)  gives  a PrVr  product  of  21,100  psi_x  ft’,  4 MNm.  It 
is  interesting  to  note  from  Eqn  10  that  operation  at  lower  values  of  T requires  a larger 
reservoir  volume  for  a given  tolerance  on  AP/P  than  operation  at  higher  values  of  T. 


Air  compressors  are  also  available  whose  operating  pressure  are  150  atmospheres 
(2200  psi,  15*2MN/m’)  and  these  are  also  extensive  ranges  of  ball  valves,  and  flexible 
hoses  with  safe  working  pressures  of  150  atm.  All  of  these  factors  contribute  to  the 
selection  of  2000  psi,  136  atm, as  a convenient  design  pressure  for  the  high  pressure 
reservoir.  The  reservoir  is  charged  from  a diaphragm  compressor  (Corblin  A34C  150)  which 
is  remotely  controlled  and  supplied  from  the  main  laboratory  low  pressure  air  system  at 
25  atm.  The  inlet  throat  must  be  of  such  a cross  sectional  area  that  the  volumetric 
flow  rate  from  the  high  pressure  reservoir  into  the  region  behind  the  piston  matches  the 
flow  rate  through  the  working  section.  If  the  reservoir  is  large  it  can  be  assumed,  for 
design  purposes,  that  the  gas  temperature  remains  at  approximately  the_cunbient  value. 

If  the  total  temperature  and  pressure  of  the  compressed  gas  is  T and  P and  the  reser- 
voir Tr  and  Pr,  then  the  ratio  of  the  throat  areas  to  achieve  this  balance  of  volumetric 


flow  is: 


(11) 


In  the  design  of  the  cascade  it  was  found  preferable  from  the  operational  point  of 
view  to  fix  the  reservoir  pressure  Pr,  since  this  also  Influenced  the  fall  Ap^  in  total 
pressure  during  the  run,  and  to  adjust  A*r  for  different  operating  levels  of  P. 
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3(d)  Piston  Design;  The  piston  naturally  plays  an  essential  part  in  the  overall  per- 
formance  of  the  cascade  and  its  design  merits  close  study.  Ideally  the  piston  should  be 

of  the  minimum  mass  so  that  it  acts  as  a barrier  between  the  gas  flowing  into  the  pump 
tube  from  the  reservoir  and  the  gas  ahead  of  it,  the  compressed  test  gas.  It  should 
move  freely  in  the  bore  of  the  pump  tube  and  provide  an  effective  seal  between  the  two 
gases.  . Considerations  of  structural  rigidity,  so  that  it  does  not  deform  as  it  acceler- 
ates down  the  pump  tube,  and  diaphragm  stresses  in  the  face,  which  arise  when  it  strikes 
the  end  of  the  pump  tube,  result  in  a piston  design  whose  mass  is  non-negligible.  At 
the  end  of  the  compression  phase  of  the  cycle  the  piston  is  travelling  at  a low  velocity 
as  Illustrated  in  Fig.  7.  Immediately  the  gate  valve  opens  the  test  gas  ahead  of  the 
piston  accelerates  to  a high  velocity  which  is  determined  by  the  tube/working  section 
area  ratio.  This  velocity  is  higher  than  piston  velocity  at  the  instant  of 

valve  opening  and  the  piston,  being  of  finite  mass,  cannot  instantaneously  adjust  to  the 
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velocity  of  the  test  gas.  The  pressure  ahead  of  the  piston  thus  falls,  see  Fig.  7,  and 
subsequently  the  piston  oscillates  at  a frequency  and  with  an  amplitude  which  depend  on 
the  piston  mass  and  the  mass  of  the  gas  within  the  pump  tube.  It  can  be  shown  (Ref. 6) 
that  the  periodic  time  of  piston  oscillations  Is  given  by 

and  that  the  relative  cunplltude  of  the  pressure  fluctuations  Is: 

liP  rr  f I 
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The  amplitude  of  pressure  fluctuations  Is  thus  a function  of 


(13) 


_ (piston  mass)^  and  Is 

Inversely  proportional  to  (total  pressure)’.  Oscillations  In  pressure  are  therefore 
IDcely  to  be  more  serious  at  low  operating  pressures  and  at  the  higher  stagnation  temper- 
atures since  Trun  Is  reduced  under  these  conditions.  A parametric  design  study  was  made 
to  determine  the  mass  of  a piston  which  would  be  strong  enough  to  withstand  the  diaphragm 
stresses  which  arise  when  the  piston  comes  to  rest  over  the  openface  of  the  test  section 
Inlet  but  which  would  give  acceptably  low  amplitudes  of  pressure  fluctuations  under  the 
operating  ranges  expected  for  total  pressure.  Values  of  6P/P  as  a faction  of  the 
piston  mass  M are  shown  In  Fig.  8 for  a particular  operating  level  of  P which  represents 
the  design  level  for  one  of  the  Initial  blades  tested  In  the  cascade.  This  blade  was 
regarded  as  representative  of  H.P.  rotor  blades  In  general.  The  total  temperature  T Is 
employed  as  an  Independent  variable.  It  Is  apparent  from  Fig.  8 that  the  amplitude  of 
pressure  fluctuations  Is  quite  sensitive  to  total  temperature  and  that  piston  masses  be- 
low about  10kg  should  be  aimed  at  for  the  test  conditions  Initially  set  as  a target  for 
the  cascade.  The  piston  design  was  therefore  based  around  a mass  of  12kg  which  was 
considered  to  give  acceptable  values  of  AP/P,  2>i%,  for  total  temperatures  of  400K.  The 
Initial  piston  design,  comprising  a rolled,  perforated  aluminium  skirt,  PTFE  piston  rings 
and  an  aluminium  alloy  piston  face.  Fig.  9 was  deliberately  made  conservative  so  that 
piston  failure  was  unlikely.  Subsequent  design  employing  an  aluminium  honeycomb  rein- 
forced piston  face  and  lighter  skirt  have  been  made  for  future  manufacture.  A method 
for  compensating  for  the  finite  mass  of  the  piston  has  been  developed  and  Is  described 
In  section  3(f).  This  technique  Is  capable  of  eliminating  the  oscillations  and  has  so 
far  obviated  the  need  to  feibricate  a light  weight  piston. 


3(e)  Gate  valve  design;  Accurate  control  of  the  reservoir  pressure  in  the  free  piston 
compressor  depends  on  precise  timing  of  the  gate  valve  separating  the  heated  gas  from  the 
working  section.  A schematic  diagram  of  the  technique  finally  chosen  to  open  the  valve 
Is  shown  In  Fig. 10.  The  rising  ramp  of  pressure  ahead  of  the  piston  Is  measured  with  a 
quartz  transducer  and  the  output  from  its  associated  cunpllfler  Is  used  to  trigger  the 
discharge  of  a large  capacitor  through  the  electrical  detonator  in  Fig.  10.  A pressure 
of  from  3 to  7 atm,  depending  on  P,  Is  applied  to  one  side  of  the  piston  just  prior  to 
the  run.  The  detonator  completely  destroys  the  Perspex  tube  and  the  piston  is  driven  to 
the  right  opening  the  gate  valve  In  approxlcuntely  25  mllllsecs.  A needle  valve  on  the 
exit  part  of  the  cylinder  Is  used  to  decelerate  the  piston  and  gate  valve  and  this  Is 
adjusted  by  trial.  The  moving  surfaces  of  the  gate  valve  are  faced  with  hard  Nylon 
which  slide  on  the  polished  alumlnlum-slllcon  alloy  housing.  A characteristic  distance 
versus  time  curve  for  the  gate  valve  is  shown  in  Fig.  13  and  a record  of  this  action  is 
taken  on  each  run  to  check  the  timing  of  valve  opening.  The  design  of  the  valve  was 
based  on  the  assumption  that  Inertial  effects  would  dominate  those  of  friction  and  this 
has  proved  to  be  the  case  In  practice  at  least  up  to  the  operating  loads  of  3*5kN  so  far 
experienced. 


3(f)  Compensation  for  piston  oscillations;  Even  with  careful  optimisation  of  the 
design  of  the  piston  to  alleviate  the  effects  of  piston  Oscillations  it  is  not  possible 
to  reduce  them  to  below  about  2%  of  P without  compromising  the  structural  integrity  of 
the  piston  Itself.  These  oscillations  were  seen  to  be  due  to  the  difference  between  the 
actual  piston  velocity  at  the  instant  of  flow  initiation  and  that  needed  to  achieve 
"matching".  Fig.  7.  The  piston  is  required  to  accelerate  rapidly  to  maintain  the  total 
pressure  constant  after  the  gate  valve  opens  but  its  finite  mass  prevents  this.  The 
eimplitude  of  oscillation  can  be  substantially  reduced  by  arranging  that  the  piston  is 
actually  travelling  at  Its  correct  matching  velocity  just  prior  to  the  commencement  of 
flow.  This  Increased  velocity  may  be  obtained  by  having  a reservoir  mass  flow  In  excess 
of  that  required  and  reducing  this  suddenly  to  the  correct  value  when  test  section  flow 
commences.  The  mass  flow  needed  to  achieve  this  condition  can  readily  be  determined. 


The  piston  velocity  during  cconpresslon  Is  (Ref. 6). 


r p A 

The  "matching"  piston  velocity  is  given  by 

^ = yfl  57 

and  the  compression  rate  for  matching  conditions  Is 

“ »■/*  ^1*' 
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The  matching  velocity  may  therefore  be  expressed  as 


(17) 


In  order  that  the  piston  velocity 
gate  valve  opening  l.e.  when  P=P 


P 
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equal  the  matching  piston  velocity  just  prior  to 
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Recalling  that  V Is  the  volume  of  the  compressed  gas  just  prior  to  flow  commencement  and 
using  the  Isentroplc  relationship  for  the  ^compression  process 

-/ 


Thus 


[ifl 
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The  rise  of  pressure  In  the  pump  tube  Is  proportional  to  the  mass  flow  Into  the  tube, 

/ dP  \ y ^ 

' w (21) 


in 


Thus  equation  (20)  also  relates  two  reservoir  mass  flow  rates 


(22) 


• T a*  / a*  — 

This  ratio  mr/mr  Is  plotted  In  terms  of  area  ratios  r/  r as  a function  of  T for 
To  = 288K  In  Fig.  11  where  It  will  be  seen,  for  example,  that  with  a T value  of  430K  the 
Initial  mass  flow  rate  would  need  to  be  2*72  greater  than  that  needed  for  matching.  In 
practice  the  sudden  change  In  mass  flow  rate  Is  achieved  by  occluding  part  of  the  main 
reservoir  throat  In  the  assembly  shown  In  Fig.  12(b).  The  main  reservoir  throat  and 
compensating  throat  are  formed  by  a series  of  holes  drilled  In  a central  tut>e.  The 
main  throat  area  Is  adjusted  by  rotating  the  entire  central  tuJae  system,  so  that  more  or 
fewer  holes  are  occluded  by  the  flared  passage  through  the  end  flange.  The  compensating 
throat,  located  behind  the  main  throat  orifices  can  be  cut  off  by  means  of  the  sliding 
shuttle  driven  by  an  auxllllary  132  atm  cycllnder.  The  maximum  additional  mass  flow 
required  to  achieve  compensation  Is  set  by  the  screwed  stop  at  the  rear  of  the  assembly 
and  the  shuttle  Is  driven  against  this  stop  (If  It  Is  not  already  retracted  to  that 
posltlon_by  hand  prior  to  the  run) . A trigger  signal  derived  from  the  compression 
ramp  of  P Is  used  to  Initiate  flow  into  the  region  behind  the  shuttle  thus  driving  the 
shuttle  to  the  left  and  closing  off  the  compensating  flow.  The  improvement  in  the 
constancy  of  P with  the  compensator  in  use  is  Illustrated  In  Fig  12 (a) . The  correct 
values  of  compensator  throat  area  and  the  main  throat  area  are  established  by  measuring 
the  rate  of  rise  of  pressure  just  prior  to  gate  valve  opening  and  adjusting  the  compensa- 
tor throat  area  to  achieve  the  correct  ratio  required  for  the  wor)cing  total  temperature, 
equation  (22).  _In  the  exan^le  of  such  an  adjustment  shown  In  Fig.  12(a)  the  ramp  of 
compression  for  P with  the  compensator  Inoperative  is  4' 15  x lo®  Pascals/sec  and  the 
amplitude  of  pressure  oscillation  approximately  ± 5%.  This  amplitude  of  oscillation 
expected  would  be  about  ± 4%  (Fig.  8)  for  the  piston  in  use  which  weighed  17)cg,  although 
the  form  of  the  oscillation  follows  closely  that  s)cetched  in  Fig.  7.  With  the  compen- 
sator in  use  the  slope  of  the  P record  just  prior  to  gate  valve  opening  is  11.37  x 10* 
Pascals/sec  and  the  ratio  of  the  two  slopes  Is  thus  2*74  compared  with  a target  of  2*76 
for  a total  temperature  of  532K,  Fig. 11.  Quite  small  variations  in  cimblent  temperature 
affect  the  Increased  mass  flow  required  to  achieve  perfect  compensation  but  general  pract- 
ice is  to  leave  the  compensation  mass  flow  fixed  since  small  run-to-run  variations  in  P 
also  occur  and  the  final  temperature  ratio  (T/To)  varies.  Since  the  compensator  setting 
required  varies  at  the  2*5  power  of  this  ratio  it  Is  not  realistic  to  attempt  too  fine  a 
'tuning'  of  the  compensator.  The  effectiveness  of  the  compensation  system  is,  however, 
clear  from  the  improvement  In  constancy  of  P seen  In  Fig  12,  and  it  has  been  found  poss- 
ible to  maintain  this  degree  of  flow  steadiness.  The  lubrication  of  the  piston  rings 
has  been  found  to  be  quite  importemt.  For  Instance,  if  there  is  any  Initial  'stiction' 
as  the  piston  commences  Its  travel  oscillations  In  pressure  occur  during  the  compensation 
process  and  persist  during  the  run  since  they  are  not  eliminated  by  the  compensator.  One 
suitable  lubricant  has  (seen  Esso  'Estan  O'  which  Is  not  s)clmmed  from  the  bore  by  the 
piston  rings. 


4.  Cascade  ^rformance;  The  performance  of  the  cascade  has  proved  to  be  very  close  to 
that  predicted  using  the  first  order  analysis  presented  in  Ref.  6 and  in  section  3(a)  of 
this  report.  The  measured  flow  durations  for  the  range  of  blade  throat  areas  so  far 
tested  are  In  good  agreement  with  theoretical  values.  There  Is  a loss  of  'hot'  running 
time  caused  by  a cooled  'doug)inut'  vortex  rolled  up  In  front  of  the  piston  and  experience 
In  this  expected  reduction  was  obtained  In  a prototype  free  piston  compressor  15cm  In 
diameter  and  1*8  metres  long.  Ref.  7.  In  practice  about  25%  of  the  available  flow  Is 
cooled  by  this  vortex  which  Is  easily  recognised  on  heat  transfer  records  although  there 
Is  no  effect  on  pressure  measurements.  The  total  temperature  has  been  measured  with  a 
fine  wire  thermocouple.  Ref.  8,  and  with  the  small  corrections  necessary  with  this  device 
a total  temperature  of  430K  has  been  determined  at  a pressure  ratio  of  4*10  In  excellent 
agreement  with  the  Isentroplc  compression  value.  Confirmation  of  this  temperature  was 
also  obtained  with  a hot  wire  anemometer  in  the  course  of  turbulence  measurements. 
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The  piston  oscillations  without  the  compensator  in  use,  as  was  the  case  in  the 
early  phases  of  cascade  conanissionlng,  with  a 17kg  piston  were  between  4 and  5"  5%  at  a 
total  temperature  of  450K,  in  fair  agreement  with  the  predicted  value  of  4*75%.  A pist- 
on weight  ot  about  12kg  had  been  proposed  but  for  the  early  tests  a 6 '35mm  (0'25in) 
thick  Duralumin  disc  was  fitted  to  the  face  of  the  piston  as  a safety  precaution.  The 
oscillations  in  total  pressure  were  thus  greater  than  had  been  designed  for,  Fig.b  but 
acceptable  in  the  early  stages.  The  periodic  time  of  oscillation  was  60  mllllsecs 
compared  with  66  milliseconds  predicted  for  the  actual  operating  conditions. 

With  the  compensator  fitted  it  has  been  possible  to  reduce  the  oscillations  in 
total  pressure  to  levels  below  1%  with  careful  setting  of  the  compensator  throat  area 
and  timing  of  the  gate  valve  opening.  A correctly  compensated  run  is  Illustrated  in 
Fig.  13  with  the  gate  V3lve_and  compensator  shuttle  pressure  shown  in  relation  to  the 
working  section  static  and  P.  Adjustment  of  the  timing  of  the  compensator  shuttle 
closure  is  made  with  the  aid  of  the  shuttle  driver  pressure  signal. 

Surveys  of  upstream  and  downstream  static  pressure  have  been  made  to  check  the 
constancy  of  inlet  and  outlet  conditions.  From  Fig.  14(a),  in  which  the  geometrical 
arrangements  of  the  static  pressure  tappings  is  shown,  it  can  be  seen  that  the  upstream 
static  pressure  distribution  is  reasonably  uniform  with  a slight  increasing  Mach  number 
gradient  from  top  to  bottom  of  the  working  section.  At  the  operating  conditions  used 
the  average  inlet  Mach  number  was  0.36  and  the  average  exit  value  was  0.94. The  initial 
dump  tank  pressure  is  set  by  trial  and  error  so  that  the  correct  exit  Mach  number  is 
obtained  during  the  run.  Calculations  of  boundary  layer  thickness  at  the  blade  inlet 
position  are  complicated  by  the  temperature  distribution.  The  Reynolds  number  at  the 
centre  blade  is  approximately  10^  at  the  operating  conditions  of  Fig  14(a)  so  that  a 
boundary  layer  thickness  of  about  I'lcm  would  be  expected  if  it  were  fully  developed 
and  from  the  few  points  available  from  a pitot  traverse.  Fig  14(b)  it  can  be  seen  that 
this  is  a reasonable  prediction. 


5.  Data  acquisition  and  process: Ing;  Early  cascade  tunnel  measurements  were  recorded 
on  a 24  -hannel  ultra  violet  chart  recorder  and  processed  by  hand,  a procedure  which,  in 
the  case  of  multi-channel  heat  transfer  rate  measurements,  could  take  a day  per  run. 

If  the  full  benefits  of  a transient  cascade  tunnel  are  to  be  realised,  it  is  necess- 
ary to  use  a fast,  multi-channel  data  acquisition  system,  and  to  process  the  results  of  a 
run  rapidly  prior  to  the  next  run.  In  order  to  reduce  the  processing  time  and  to  in- 
crease the  number  of  measurements  taken  per  run,  all  transducer  outputs  are  now  handled 
by  an  on-line  digital  computer  (DEC  PDF  11/10) . 

The  computer  system  is  designed  to  take  up  to  6400  measurements  per  tunnel  run  on 
up  to  32  channels  at  a maximum  ra  ,f;  of  2000  samples/sec  from  the  transducers.  The 
system  is  shown  schematically  in  Fig.  15.  A software  system  of  versatile  and  highly 
interactive  programs  (written  largely  in  FORTRAN)  is  used  to  prepare  runsheets,  acquire 
and  process  the  data  and  output  results.  The  raw,  rather  than  processed,  data  is  archiv- 
ed on  inexpensive  diskettes  ("floppy  disks").  This  facilitates  correction  of  processing, 
and  accumulates  a library  of  data  for  further  study. 

To  reduce  cumulative  errors  down  the  signal  chain,  pressure  transducers  are  cali- 
brated when  Installed  in  the  working  section  using  the  computer.  Transducer  calibrat- 
ions, running  conditions  and  raw  data  are  all  stored  in  compact  binary  computer  disk 
files,  which  are  automatically  read  by  the  running  and  processing  programs,  and  are 
organised  such  that  only  changes  between  runs  need  be  entered  via  the  computer  terminal. 
The  programs  prompt  and  guide  the  operator  through  logical  decision  sequences  and  can  be 
used  by  staff  with  little  previous  computing  experience  to  print  out  or  edit  calibration 
and  run-sheet  files,  to  run  the  tunnel  to  read  data,  and  to  process,  print  out,  display 
and  plot  the  results  of  the  run. 

A least  squares  line  fitting  technique  is  used  to  extract  mean  measurement  levels 
from  selected  sections  of  the  digitised  data,  and  these  are  listed,  along  with  the  stat- 
istical 95%  confidence  levels  on  the  results  sheets.  For  static  pressure  measurements, 
the  local  Mach  number  and  unit  Reynolds  number  are  also  calculated  and  listed.  For  heat 
transfer  measurements  using  transient  thin  film  techniques  the  original  temperature 
history  of  the  surface,  is  recomputed  from  the  heat  transfer  rate,  q,  derived  from  the 
analogue  networks  (see  section  6) , and  a least  squares  line  fit  of  the  linear  section  of 
the  q'\.  T curve  (Fig  18(c))  is  used  to  extrapolate  ^ back  to  the  original  Isothermal 
blade  temperature.  These  extrapolated  heat  transfer  results  are  again  listed  with  95% 
confidence  limits,  so  that  the  significance  of  the  results  is  apparent. 

The  processing  program  also  computes  the  tunnel  operating  conditions  (Temperature, 
pressure,  Mach  number,  Reynolds  number)  from  measurements  made  during  the  run  and  from 
parcuneters  in  the  runsheet  file.  The  reading  of  data  by  the  computer  is  triggered  by  the 
signal  which  fires  the  gate  valve.  The  rise  in  static  pressure  upstream  of  the  test  cas- 
cade determines  the  nominal  run  start  time,  and  all  time  measurements  (e.g.  schlleren 
spark  firing)  are  referenced  to  this. 

The  complete  processing  and  print  out  of  results  from  each  run  takes  approximately 
2 minutes. 
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6 . Excunples  of  ptessure  distribution,  flow  visualisation  studies  and  heat  transfer  rate 
measurements  on  m H.P.  rotor  bladel  Although  the  cascade  was  designed  to  study  heat 
transfer  rate  it  was  realised  from  the  outset  that  flow  durations  greater  than  0-1  seconds 
would  be  suitable  for  accurate  pressure  measurement. 

Pressure  distributions  around  typical  rotor  blade  sections  have  been  obtained  using 
the  data  acquisition  system  described  In  section  5.  In  the  preliminary  stages  of  the 
design  of  the  cascade  the  response  of  25cm  lengths  of  0-5mra  bore  hypodermic  tubing  to 
step  changes  In  pressure  had  been  Investigated.  It  was  found  that  such  lengths  of  tubing 
terminated  by  the  cavity  volume  of  conventional  quartz  (Kistler  type  7031)  transducers 
would  have  response  times  of  about  10ms,  certainly  adequate  for  the  present  purposes. 
Subsequently  semiconductor  transducers  with  built-in  integrated  circuit  amplifiers  (Nat- 
ional Semiconductor  types  LX1620D)  have  also  been  used.  These  transducers  have  a larger 
reservoir  volume  which  is,  in  the  case  of  differential  transducers,  different  for  the  two 
pressure  taps  but  they  have  proved  equally  satisfactory  from  the  point  of  view  of  stabil- 
ity and  linearity.  Differential  measurements  are  made  wherever  possible  In  order  to 
Improve  the  overall  resolution  of  the  instrumentation  and  in  some  cases  a large  reference 
volume  with  an  accurately  determined  pressure  is  used.  Alternatively  a total-static 
difference  Is  measured  directly  or  a blade  static  tapping  is  read  differentially  to  an 
upstrecim  wall  static  pressure  whose  absolute  pressure  is  also  determined  simultaneously. 

The  entire  pressure  measuring  system  is  calibrated  frequently  "on-line"  with  the 
digital  data  acquisition  system.  In  the  case  of  transducers  in  the  test  section,  the 
pressure  in  the  working  section  and  dump  tank  is  Increased  In  steps  and  simultaneously 
read  from  a precision  pressure  gauge.  In  this  way  reading  errors  are  reduced  to  a 
minimum. 


A set  of  characteristic  Mach  number  distributions  around  a H.P.  rotor  blade  is 
Illustrated  In  Fig.  16  where  the  design  and  two  "off-deslgn"  conditions  are  Included. 
Schlieren  photographs  taken  at  the  design  and  high  exit  Mach  number  condition  are  shown 
in  Fig.  17(a)  and  (b) . The  turbulence  level  in  the  free  stream  in  this  case  was  less 
than  1%. 


The  pressure  measurements  described  above  are  conventional  in  that  all  can  be  made 
with  equal  ease  In  continuous  or  intermittent  cascades. 

The  measurement  of  heat  transfer  rate  In  continuous  running  facilities  is,  however, 
more  difficult  and  It  Is  in  this  area  of  Instrumentation  that  transient  devices  can 
demonstrate  their  potential  advantages.  The  instrument  used  for  this  measurement  in  the 
Oxford  cascade  Is  the  thin  film  surface  resistance  thermometer.  These  transducers  and 
the  principle  of  their  operation  have  been  extensively  dealt  with  in  the  literature  al- 
though the  discussion  has  been  chiefly  related  to  their  use  in  shock  tubes  and  other  very 
short  duration  facilities.  A detailed  treatment  of  the  chara cterlsltics  of  thin  film 
gauges  is  Included  in  Ref.  5 where  a unified  theory  of  thin  and  thick  film  gauges  is 
given.  The  use  of  thin  film  gauges  for  both  external  and  internal  heat  transfer  rate 
measurements  on  turbine  blades  is  further  described  by  Schultz  et  al.  Ref  9,  and  Smith,  Ref. 
11.  The  technique  depends  on  the  measurement  of  the  variation  of  surface  temperature 
with  time  of  an  insulating  substrate  forming  either  part  or  whole  of  the  test  blade. 


If  the  model  insulating  substrate  may  be  considered  semi-infinite,  i.e.  for  the 
times  of  Interest  heat  conduction  does  not  raise  the  inner  temperature  by  an  appreciable 
amount,  the  heat  conduction  equation 


may  be  solved  for  the  heat  transfer  rate  q 


at  the  surface  where 

JT  T 


-(K3T/3x)  x=o  to  give 
(23) 


(25) 


where  the  symbols  are  the  Laplace  transformed  variables.  For  the  simple  case  that  the 
gas  to  wall  temperature  difference  remains  constant  and  thus  q is  constant  the  surface 
temperature  is  a parabolic  function  of  time  , 

2.  i.  N't 

If  the  heat  transfer  rate  varies  with  time  because  the  surface  temperature  changes,  the 
heat  transfer  rate  at  t may  be  obtained  from  equation  (23)  above. 

...  /Trrriit)  , > r‘Ta)-Tc-r)^^-j 

by  Inversion  and  integration  by  parts.  For  a quartz  insert  in  a turbine  blade  instrum- 
ented with  thin  film  gauges  a substrate  thickness  of  about  1*5  mm  is  sufficient  to  keep 
the  temperature  at  that  depth  to  5%  of  the  surface  value  after  0*5  seconds.  For  better 
thermal  conductors  the  depth  is  greater.  If  the  shallow  depth  proves  too  restricting 
^e  time  of  measurement  may  be  reduced  since  the  'penetration  depth'  is  proportional  to 

so  that  for  quartz  a 0*1  second  flow  duration  produces  a 5%  movement  in  temperature 
at  a depth  of  0<7mm  which  is  generally  satisfactory  even  for  sharply  curved  surface,  i.e. 
at  the  trailing  edge  of  a blade. 


In  most  short  duration  facilities  such  as  shock  tunnels  the  gas-wall  temperature 
difference  remains  sensibly  constant  because  although  the  heat  transfer  rate  may  be  high 
the  flow  duration  Js  typically  10  to  20xl0~’  secs,  and  the  model  surface  does  not  heat 
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appreciably.  In  the  transient  cascade,  however,  the  flow  duration  of  0*3  to  1.0  secs 
results  in  quite  large  model  temperature  rises.  For  instance  with  a constant  heat  trans- 
fere  rate  of  20  watts/cm*  the  surface  of  quartz  would  rise  about  100°C  in  0-5  seconds  so 
that  with  constant  total  gas  temperature  in  the  cascade  the  heat  transfer  rate  will  fall 
during  the  running  time.  The  technique  adopted  is  to  plot  the  surface  temperature  rise 
versus  measured  heat  transfer  rate  and  extrapolate  to  the  isothermal  wall,  i.e.  zero 
surface  temperature  rise.  In  practice  electrical  analogues  of  the  heat  conduction  proc- 
ess are  used  to  convert  the  surface  temperature  information  to  heat  transfer  rate.  The 
thin  film  current  supply  system, & electrical  analogue  signal  conditioning  amplifier  are 
illustrated  in  Fig  (18) . The  one-dimensional  heat  conduction  equation 

a*T  _ pc  3T 

39C»-  “ 1£~ 

for  a body  with  thermal  properties  k,c  and  density  p is  analogous  to  the  equation 


(26) 


for  the  variation  of  voltage  with  time  and  distance  along  an  R-C  tremsmission  line.  The 
transmission  line  must  be  long  enough,  compared  with  the  flow  duration,  for  tne 
line  to  appear  semi-infinite  and  there  is  then  a direct  analogue  between  input  voltage 
and  surface  temperature  on  one  hand  and  input  current  and  surface  heat  transfer  rate  on 
the  other.  The  first  element  at  the  commencement  of  the  line  must  have  a short  time 
constant  so  that  it  can  mirror  rapid  fluctuations  in  heat  transfer  rate  and  this  time 
constant  is  approximately  RjC  (Fig  18(a))L  The  duration  for  which  a uniform  transmission 
line  will  reproduce  a step  function  in  heat  transfer  rate  for  a surface  temperature  vary- 
ing as  /t  is  approximately  t=0*2n^  RjC  where  n is  the  number  of  sections.  For  long 
running  times  it  is  sometimes  more  convenient  to  'taper'  the  transmission  line.  Complete 
details  of  the  construction  and  calibration  of  such  analogue  circuits  is  given  in  Ref.  5. 
It  is  the  relative  ease  with  which  the  thin  film  temperature  signal  can  be  used  to  give  a 
direct  measurement  of  heat  transfer  rate  which  makes  the  transient  technique  so  useful. 

In  order  to  plot  T surface  versus  q the  voltage  signals  from  the  input  to  the  analogue 
are  plotted  against  the  voltage  output  from  the  current-to-voltage  aiiiplifier.  Alternat- 
ively the  derived  heat  transfer  rate  signal  may  be  used  to  recover  the  surface  temperature 
history.  This  is  computationally  more  straight  forward  than  using  the  temperature  signal 
to  derive  the  heat  transfer  rate  signal  (see  for  instance  Schultzs  Jones,  Ref. 5).  The 
method  adopted  at  OUEL  is  to  digitise  and  store  the  analogue  heat  transfer  rate  signal  and 
to  recover  the  surface  temperature  by  confutation.  If  it  is  assumed  that  the  heat  trans- 
fer rate  itself  can  be  approximated  by  the  summation  of  a series  of  ramps,  it  may  be 
expressed  in  the  form 

i — -t>n)  ,28) 

th 

where  a = slope  of  the  n reunp  function  H = Heaviside  function  (=1  for  t>tn,  = O for 
t<tn) . In  general,  for  a semi-infinite  substrate  the  Laplace  transformed  surface  temp- 


erature 

is  from  equation  (23) 

T 

Thus 

T 

= • ^ -1- 

(29) 

and 

T 

(30) 

also 
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Thus 
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Thls  is  a readily  computable  function  and  has  been  found  to  give  excellent  agree- 
ment between  actual  measured  surface  temperatures  and  values  obtained  from  heat  transfer 
rate  signals  from  the  electrical  analogues.  An  example  of  recorded  q and  T traces  and 
a plot  of  q versus  T is  shown  in  FlgJl8(b)  and  (c)  , reproduced  from  the  graphical  output 
system  of  the  on-line  computer.  Examples  of  heat  transfer  rate  distribution  over  an  H.P. 
rotor  blade  are  shown  in  Fig.  19(a)  (b)  and  (c) . Figs  19(a)  and  (b)  Illustrate  the  heat 
transfer  distribution  at  lower  and  higher  them  the  blade's  design  point  Reynolds  number 
with  a free  stream  turbulence  level  of  = 4%  (u'/D  = 4%,  ATo/To  = 0-2%)  produced  by  a grid 
while  Fig.  19(c)  shows  the  effect  of  free  stream  turbulence  on  the  heat  transfer  rate  at 
the  nominal  blade  Reynolds  number.  The  turbulence  level  has  been  measured  with  a constant 
temperature  hot  wire  anemometer,  see  section  7.  Varying  the  wire  over-heat  enables  both 
velocity  fluctuations  and  total  temperature  fluctuations  to  be  reduced  and  the  level  of 
u'/U  is  confirmed  by  measurements  of  heat  transfer  rate  to  the  stagnation  line  of  a circul- 
ar cylinder  placed  just  upstream  of  the  blade  row.  The  turbulence  level  of  4%  is  not 
regarded  as  high  enough  to  model  the  turbulence  at  the  inlet  to  guide  vanes  or  rotor  blades 
and  other  systems  are  being  considered  to  enhance  this  level. 


The  heat  transfer  rate  distribution  shown  in  Fig. 19  were  obtained  on  light  alloy 
blades  with  quartz  inserts  optically  polished  to  conform  to  the  original  blade  contours. 
Fig.  20,  and  this  technique  was  used  extensively  in  the  original  studies.  More  recently 
heat  transfer  blades  have  been  made  from  machinable  glass  cer^unlc  (Corning  MACOR) . The 
same  technique  for  depositing  thin  film  guages  is  employed  as  in  the  case  of  quartz  sub- 
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strates  but  there  are  obvious  advantages  in  using  a substrate  which  allows  a complete 
blade  section  to  be  made  from  one  material. 

7.  Turbulence  levels  In  the  working  section;  From  the  relatively  smooth  geometry  of 
the  Inlet  contraction  and  the  fact  that  the  test  gas  is  set  in  motion  by  a moving  bound- 
ary it  would  be  expected  that  the  turbulence  level  at  the  cascade  entrance  would  be  low. 
This  has  proved  to  be  the  case  and  In  the  undisturbed  free  stream  a value  less  than  1% 
has  been  determined  with  a laser  anemometer.  In  order  to  increase  this  value  towards 
that  expected  in  the  engine  environment  a turbulence  generator  was  installed  just  down- 
stream of  the  gate  valve.  This  generator  comprised  a single  array  of  horizontal  rods 
12*7mm  (O.Sins)  diam.  spanning  the  working  section  with  a pitch  of  31>10mm  (l*51ns) 

413mm  upstreetm  of  the  blades.  In  a test  where  the  inlet  Mach  number  was  0*32  the  turb- 
ulence level  was  found  to  be  4*2%  i/  (fiRe)  ^/lie'^  and  0.2%  (S'to)  ^/To^  with  a correl- 
ation coefficient  of  -^0-5.  Separation  of  the  variables  was  obtained  in  the  normal  way 
by  varying  the  overheat  ratio  of  the  hot  wire  operated  in  the  constant  temperature  mode. 
The_level  of  temperature  fluctuations  is  consistent  with  Morkovin's  hypothesis  that 
6T/Tr<(y-1)M*u/U.  Although  the  turbulence  level  is  probably  well  below  that  in  the  eng- 
ine it  is  sufficiently  high  to  produce  heat  transfer  rates  which  are  significantly  above 
the  'zero  turbulence'  case  and  which  correlate  well  with  predictions.  Attempts  to  produce 
turbulence  levels  much  above  5%  usually  result  in  a field  which  is  neither  homogeneous 
nor  isotropic,  and  for  the  present  purposes  both  of  these  criteria  should,  ideally,  be 
satisfied. 

8.  Conclusion;  The  use  of  a transient  compression  process  for  the  reservoir  of  a 
casacade  has  been  shown  to  have  advantages  for  the  measurement  of  heat  transfer  rates. 

The  flow  duration  obtainable  with  modest  pump  tubes  is  between  0-1  and  1*0  seconds  for 
throat  areas  appropriate  for  5 to  7 blade  passages  so  that  pressure  distributions  may  be 
obtained.  The  relatively  modest  capital  costs  of  such  devices  makes  them  a realistic 
facility  for  a university  laboratory  so  that  these  organisations  can  conduct  experimental 
programmes  under  full  scale  engine  Reynolds  and  Mach  number  conditions.  While  the 
technique  for  measuring  heat  transfer  rates  with  thin  film  gauges  is  not  yet  as  widely 
used  as  the  advantages  merit  there  is  now  ample  evidence  to  justify  confidence  in  the 
results  obtained  in  this  manner.  Extensive  measurements  of  film  cooling  effectiveness 
have  been  made  in  the  DUEL  cascade  using  this  technique  and  the  relatively  low  cost  of 
blade  fabrication  compared  with  blades  made  for  hot  flow  cascades  has  fully  justified 
the  development  of  the  facility. 
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Fig  2 (a) 

Idealised  pressure -time  history  during  compression.  Gate  valve  is 
opened  v/hen  pressure  in  pump  tube  P reaches  predetermined  value. 


Fig.  2(b) 

The  OUEL  transient  cascade. 


Fig.  6. 

Decrease  in  total  pressure  due  to  finite  driving  reservoir  volume 
and  pressure.  Total  pressure  os  independent  variable.  Design  point 
for  DUEL  cascade  gives  1-66*/o  AP/P  for  PrVr=3-9  MPaxm. 


Pressure  fluctuation 


Gate  valve  opens 
Fig.  7. 


Ideal  and  actual  piston  velocity  and  total  pressure  time  history. 
Pressure  and  velocity  fluctuations  exaggerated  for  clarity. 
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Fig.  8. 

scillatory  pressure  AP/P  versus  piston  mass  for  typical  design 
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Fig.  10. 
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Schematic  diagram  of  gate  valve  DUEL  cascade.  Open  dimensions 
9'x  3*  (23x7  6 cm  ) Opening  time  0 03  secs. 
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Fig.  11. 

Compensating  throat  area  required  to  achieve  constant  P as  function  of 
T for  initial  pump  tube  temperature  288  K. 


Gate  valve  opening  time 
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100  mm 


Wall  tappings  Fig-  14  (a) 


Mean  total  pressure  = 0-292  MPa  42-Apsia 

Mean  upstream  M = 0-36 

Mean  downstream  M =0-95 

Dump  tank  pressure  =0-155  MPa  22-5psia 

[246-252,  24-6-75,  2P,  dJ 


Downstream  Static 
Pressure  Ratio 


Wall  tappings 


Distribution  of  wall  static  pressure  upstream  and  downstream  of 
H R rotor  blade  cascade. 


Fig. 14(b)  Pitot  traverse  in  B/L  10-15  cm  upstream  of  centre  blade. 
Conditions  as  for  14(a) 
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Fig.  15. 

Computer  data  acquisition  and  processing  system  for  DUEL 
transient  cascade. 
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Fig.  16. 

Pressure  distribution  on  a rotor  blode.  Nominal  Re„:6-73xl0^ 
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•30  q,  watts /cm^ 


Rotor  blade 

Re^  = 0-42x10®  (inlet, true  chord) 
M,Kit  = 0-94 

Turbulence  level  »4*/a 
^ Blade  I 
O Blade  2 . 


Pressure  surface 
80  60  40  20 


Suction  surface 
20  40  60 


100  80  60  40  20  0 20  40  60  80  100 

Pressure  surface  Fig.  19  (b)  Suction  surface 


Distribution  of  heat  transfer  rate  around  a rotor  blade.  Measurements 
with  thin  film  resistance  thermometers. 


3i-:(> 


with  thin  film  resistance  thermometers 


Fig.  20 

View  of  pressure  surface  of  rotor  blade  with  thin  film 
gauge  inserts  (quartz)  and  film  cooling  holes. 
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DISCUSSION 


J.M.Owen,  UK 

Dr  Schultz  is  to  be  congratulated  for  a clear  presentation  of  a powerful  experimental  technique  for  the  measure- 
ments of  heat  transfer  to  turbine  blades.  There  are  three  questions  that  I should  like  to  ask. 

(1)  The  one-dimensional  Fourier  equation  is  solved  to  find  the  heat  flux.  Can  the  neglect  of  temperature  variation 
in  the  streamwise  direction  be  justified? 

(2)  Figure  1 8c  shows  the  variation  of  heat  flux  with  surface  temperature.  Is  it  not  possible  to  calculate  the  heat 
transfer  coefficient? 

(3)  Results  have  been  obtained  for  turbulence  levels  up  to  4%.  Have  you  plans  for  the  generation  of  high  levels, 
and,  if  so,  what  do  you  intend  to  do? 

Author’s  Reply 

(1)  The  effect  of  streamwise  temperature  variations  is  minimised  by  the  data  reduction  technique  reported  in  the 
paper.  The  heat  flux  under  isothermal  wall  conditions  is  deduced,  otherwise  the  effect  referred  to  could  be 
important. 

(2)  We  can  determine  the  heat  transfer  coefficient  from  the  isothermal  heat  transfer  rates  but  with  film  cooling 

it  would  be  necessary  to  vary  the  wall  temperature  or  the  coolant  temperature,  preferably  the  former,  and  we 
have  not  yet  done  this. 

(3)  The  turbulence  level  of  4%  was  the  maximum  we  obtained  with  the  non-choked  bar  system  which  was  chosen 
to  give  an  isotropic  and  homogeneous  structure  at  the  blade  inlet  plane.  Future  systems  may  incorporate  a 
vortex  generator  structure  or  tube  bundle  closer  to  the  blade  inlet. 


J.F.Louis,  US 

How  did  you  control  the  level  of  turbulence? 


Author’s  Reply 

An  array  of  horizontal  rods  of  diameter  0.5  inches  spaced  1 .5  inches  apart  (see  Section  7 of  the  report)  gave  a 
turbulence  level  of  6Re/Ri  of  4.2%  and  a ATo/To  of  0.2%.  The  grid  was  based  on  experimental  results  of 
Townsend  and  was  not  near  choking.  We  have  found  an  undisturbed  free  stream  turbulence  level  about  0.2%  but 
attempts  to  increase  it  above  5%  and  achieve  homogeneous  isotropic  turbulence  have  not  been  successful. 


32-1 


H£AT  TRANSFER  TO  A PVD  ROTOR  BLADE  AT  HIGH  SUBSONIC 
PASSAGE  THROAT  MACH  NUMBERS 

B.W.  Martin,  A.  Brown  and  S.E.  Garrett 
Department  of  Mechanical  Engineering  and  Engineering  Production 
University  of  Wales  Institute  of  Science  and  Technology 
Cardiff  CFl  3NU,  United  Kingdom. 


SUMMARY 

This  paper  reports  heat-transfer  measurements  round  a PVD  rotor  blade  using  a transient  method. 
Instrumented  syndanio-asbestos  blades  forming  part  of  a cascade  are  suddenly  introduced  into  a heated  air 
stream,  the  temperature-time  response  of  surface  thensocouples  attached  to  copper  inserts  in  the  blades 
then  being  used  to  determine  local  heat-transfer  coefficients  for. (a)  passage  throat  Mach  numbers  between 
0.79  and  0.94  (b)  turbulence  intensities  from  4.15  to  9.05  per  cent  (c)  blade  chord  Reynolds  numbers  from 
7.8  X 10®  to  8.9  X lO®. 

Measured  transition  lengths  on  the  suction  surface,  over  which  the  heat  transfer  nearly  trebles,  are 
somewhat  short  in  relation  to  other  measurements.  The  onset  of  transition,  which  is  downstream  of 
predictions  for  the  higher  Reynolds  numbers  but  accords  with  the  trends  of  existing  correlations,  is  little 
influenced  by  turbulence  intensity  variations  in  the  above  range.  Over  the  pressure  surface  the  heat 
transfer  is  less  than  for  a fully-turbulent  boundary  layer.  Comparisons  with  other  high  Mach-number 
measurements  suggest  that  much  further  work  is  needed  before  the  effects  of  scale  of  turbulence  are  fully 
unders tood. 

LIST  OF  SYMBOLS 

A surface  area  of  copper  insert 

B insert  Biot  number  • hj^L/k^ 

Cp  pressure  coefficient  - (p  - Pg2)/(P8l  ” Ps2^ 

C specific  heat  at  constant  pressure 

F*^  geometrical  factor  specified  in  equation  (5) 
h heat  transfer  coefficient  , 

K velocity  gradient  factor  “ — 

o dx 
u^ 

k thermal  conductivity 

L linear  dimension  of  copper  insert  • V/A 
f length  of  transition  region 

Ma  mainstream  Mach  number 

p gas  pressure 

Pr  Prandcl  number 

Re  Reynolds  number 

St  Stanton  number  ■ h^  uC 

g Pg 

T absolute  temperature 

t time 

u local  mainstream  velocity 

u'  RMS  value  of  fluctuation  in  u 

u'/u  mainstream  turbulence  intensity 

V volume  of  copper  insert 

X downstream  distance  from  forward  stagnation  point 
6 boundary-layer  momentum  thickness 

X measure  of  length  of  transition  region 


INTRODUCTION 

In  the  last  15  years  the  supersession  of  forged  and  rolled  gas  turbine  blades  by  high-grade  castings 
of  nickel  alloys  has  made  possible  the  replacement  of  intersecting  circular  arc  blade  profiles  by  those 
aerodynamically  designed,  as  proposed  by  Lighthill  (1)  and  Stanitz  (2),  to  have  a prescribed  velocity 
distribution.  While  PVD  profiles  are  preferable  because  they  permit  large  fluid  turning  angles,  high 
stage  pressure  ratios  and  maximum  lift  for  minimum  chord,  they  are  of  relatively  complex  shape  with  rapid 
mainstream  acceleration  over  typically  20X  of  the  suction  surface,  followed  by  a mainstream  velocity 
plateau  and  a region  of  adverse  pressure  gradient.  By  contrast,  circular  arc  profiles  have  little  or 
no  central  region  of  uniform  velocity  and  the  Initial  favourable  pressure  gradient  is  correspondingly 
weaker.  The  negative  pressure  gradient  over  most  of  the  pressure  surface  of  a PVD  blade  leads  to  a 
steadily-increasing  freestream  velocity. 

When  strong  favourable  pressure  gradients  occur  in  regions  of  high  mainstream  turbulence  intensity, 
as  is  likely  over  PVD  blades  in  turbines,  peculiarities  in  boundary-layer  transition  from  laminar  to 
turbulent  flow  are  to  be  anticipated  because  these  two  influences  have  opposing  tendencies;  the  former 
to  suppress  turbulence  and  the  latter  to  promote  it.  Brown  and  Burton  (3)  observe  that,  over  the  suction 
surface  of  a PVD  model  blade,  transition  starts  earlier  but  lasts  longer  than  on  a circular-arc  blade. 

The  extent  of  the  transition  region  depends  on  the  velocity  distribution,  mainstream  turbulence  intensity 
u'/u  and  chord  Reynolds  number  Re^.  In  such  circumstances  the  heat-transfer  measurements  round  the 
circular-arc  blades  of  Wilson  and  Pope  (4)  and  Walker  and  Markland  (5)  using  electrically-heated  models  in 
a cold  air  stream.  Turner  (6)  for  an  internally-cooled  model  in  a heated  air  stream  and  Bamaert  and 
Hahnemann  (7),  Andrews  and  Bradley  (8)  and  Hodge  (9)  using  blades  in  cascade,  offer  little  guidance  as  to 
the  distributions  to  be  expected  round  PVD  blades.  Turner's  comparisons,  which  include  the  lower  mean 
blade  heat  transfer  measured  by  Ainley  (10)  in  a stationary  cascade  than  in  an  engine,  nevertheless  indicate 


Fohlhausen  parameter 

kinematic  viscosity 
density 

defined  by  Eq.(2) 


Subscripts 


local  blade  value 

based  on  blade  chord 

refers  to  hot  gas 

insert  condition 

based  on  length  of  transition 

local  mean  blade  value 

initial  insert  condition 

stagnation  condition 

condition  at  start  of  transition 

based  on  downstream  distance  from  forward 

stagnation  point 

based  on  measure  of  length  of  transition 
based  on  boundary-layer  momentum  thickness 
hot  gas  condition 
condition  at  cascade  inlet 
condition  at  cascade  outlet 
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its  direct  dependence  on  u'/u  for  a particular  value  of  Re^. 

Assuming  the  adequacy  of  heat-transfer  predictions  by  standard  flat-plate  procedures  for  laminar  or 
fully-turbulent  boundary  layers  on  a turbine  blade  (implying  that  surface  curvature  effects  are  not 
significant) , the  main  outstanding  problem  in  completely  specifying  the  heat  transfer  round  a PVD  blade 
is  identification  of  the  onset  and  extent  of  boundary-layer  transition  and  the  heat  transfer  in  the 
transition  region.  The  bases  for  prediction  reviewed  by  Brown  and  Martin  (11)  include  the  correlations 
of  Hall  and  Gibbings  (12)  and  Seyb  (13)  which  both  relate  the  onset  of  transition  to  Re0^  uVu  and  the 
Pohlhausen  parameter  A,  though  in  the  case  of  the  former  authors  only  for  adverse  and  zero  pressure 
gradients;  for  favourable  pressure  gradients  they  sketch  a family  of  curves  with  u'/u  as  parameter  based 
on  Re0^  for  zero  A and  drawn  parallel  to  the  Pretsch  (14)  stability  limit.  For  zero  A they  also  propose 
a criterion  to  locate  the  end  of  transition  which,  however,  appears  less  well  founded  than  the  correlation 
of  Dhawan  and  Narasimha  (15)  for  the  extent  of  transition,  which  is  related  to  its  onset  through  a 
turbulence-spot  intermittency  factor.  Seyb's  correlation  is  based  on  the  aerofoil  measurements  of 
Goldstein  and  Mager  (16),  Crabtree  (17)  and  Hodge  (9).  The  predictions  of  McDonald  and  Fish  (18)  for 
the  location  and  extent  of  transition,  which  take  account  of  the  intermittency  of  the  transitional 
boundary  layer  identified  by  Dhawan  and  Narasimha  and  which  accord  with  their  findings  in  respect  of  the 
effect  of  u'/u,  are  based  on  calculation  of  the  streamwise  development  of  a turbulent  mixing  length 
whose  magnitude  is  governed  by  the  turbulence  kinetic  energy  equation. 

While  the  above  predictions  and  correlations  are  in  reasonable  agreement  with  measurements  in  adverse 
and  zero  pressure  gradients,  only  Seyb's  correlation  (which  is  unconfirmed  for  large  favourable  pressure 
gradients  and  high  u'/u)  accords  with  the  flat-plate  transition  measurements  in  favourable  pressure 
gradients  of  Edwards  and  Furber  (19),  Buyuktur,  Kestin  and  Maeder  (20)  and  Junkh^  and  Serovy  (21)  at  low 
mainstream  velocities,  and  even  this  substantially  overpredicts  Re0t  values  for  low  u'/u  observed  by 
Dunham  and  Edwards  (22)  using  aerofoil  and  camber  line  blades  in  cascade.  Furthermore,  as  Brown  and 
Martin  (11)  point  out.  the  increased  heat  transfer  in  the  transition  region  observed  by  the  above  workers 
usually  leads  to  much  less  satisfactory  heat-transfer  predictions  for  the  pressure  surface  than  for  the 
suction  surface  of  non-PVD  blades;  apart  from  a proposed  linear  interpolation  there  are  no  heat-tr^lnsfer 
correlations  for  a transition  region  whose  extent  owing  to  u'/u  and  non-zero  positive  A (or  velocity 
gradient  factor  K)  cannot  with  confidence  be  predicted. 

Walker  and  Markland  (5)  agree  with  Dunham  and  Edwards' description  of  the  expected  laminar  boundary 
layer  on  the  pressure  surface  as  'transitional  with  occasional  bursts  of  turbulence'  but  the  latter 
authors  find  the  heat  transfer  along  the  pressure  surface  to  increase  with  mainstream  Mach  number  up  to 
0.9;  this  paran^ter  (and  its  relation  to  the  scale  of  turbulence)  may  be  responsible  for  discrepancies 
between  Ra0^  values  derived  from  their  measurements  and  Seyb's  correlation.  The  purpose  of  the  present 
research,  which  is  more  fully  reported  by  Garrett  (23),  is  to  investigate  further  the  effect  of  high 
subsonic  Mach  number  at  higher  u'/u  than  those  of  Dunham  and  Edwards  using  a transient  method  of  heat 
transfer  to  a PVD  blade.  The  throat  Mach  number  range  covered,  from  0.79  to  0.94,  also  permits  comparison 
with  the  only  other  reported  measurements  on  PVD  blades  of  Brown  and  Burton  (3)  at  low  mainstream  velocities, 
which  extend  to  lower  values  of  u'/u. 

EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

Air  is  delivered  to  the  cascade  from  a centrifugal  coiiq)res8or  at  pressures  up  to  4.5  bar  and  a 
maximum  flow  rate  of  1.12  kg/s  via  an  orifice  plate,  a settling  chamber  and  a turbulence  generator 
incorporating  drilled  plate  grids  for  solidity  ratios  of  0.5  and  0.4  and  parallel  round  bar  grids,  based 
on  the  work  of  Rose  (24), for  solidity  ratios  of  0.3  and  0.2.  Turbulence  intensity  is  measured  just  up- 
stream of  the  cascade  by  DISA  constant  temperature  hot-wire  anemometer  with  a retractable  probe  to 
minimise  wire  breakage.  Cascade  entry  pressures  are  measured  by  static  pressure  tap  in  the  duct  wall 
and  a piuot  tube  which  traverses  from  the  wall  to  the  middle  of  the  rectangular  entry  section.  Air 
delivery  temperatures  from  360  K to  420  K are  monitored  by  chromel-alumel  thermocouple  70  nm  upstream  of 
the  turbulence  generator  in  a region  of  low  Mach  number  and  measured  on  a Tinsley-type  potentiometer. 

Air  from  the  cascade  is  discharged  to  atmosphere  through  two  silencers  and  a diffuser. 


Fig.l  Cascade  configuration  showing  measuring  stations  and  boundary-layer  bleed 
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The  cascade  shown  in  Fig.l  comprises  two  central  blades  between  profiled  top  and  bottom  walls  such  that 
its  ov-^rall  height  at  entry  is  115.5  zzbd  and  its  spanwise  width  34  mm;  the  design  total  throat  area  is 
26.01  cm^.  The  blades,  of  stagger  angle  45.9^,  turn  the  flow  through  65.2^;  the  design  angle  of  incidence 
is  44.1^  as  shown  in  Fig.l  though  the  measurements  reported  below  suggest  up  to  15^  of  positive  Incidence  in 
the  present  rig.  The  blade,  whose  suction  and  pressure  surfaces  are  58.8  nn  and  49.8  nsD  long  respectively, 
has  a 50  mn  chord;  it  is  of  the  undecusped  type  whose  relatively  thick  trailing  edge  facilitates 
instrumentation.  Dyban  and  Glushchenko  (25)  report  satisfactory  correlation  with  predictions  of  cascade 
measurements  of  Mach  number  and  temperature  factor  effects  on  heat  transfer  using  a blade  of  equal  chord  and 
40  mm  span. 

The  suction  surface  of  the  upper  blade  and  the  pressure  surface  of  the  lower  blade  forming  the  centre 
channel  in  Fig.l  are  instrumented  at  the  stations  shown,  whose  pitch  of  5%  of  surface  length  towards  the 
leading  edge  (and  lOZ  elsewhere)  takes  account  of  the  anticipated  rc  ’on  of  high  streamwise  acceleration. 
Because  the  small  blade  size  renders  most  heat-transfer  measuring  techniques  (except  perhaps  that  of 
Turner  (6)  ) impractical,  a transient  method  is  used  which  exploits  the  dependence  of  the  exponential 
temperature-time  response  of  a cool  body  initially  at  T^^,  suddenly  exposed  to  a hot  fluid  maintained  at 
T«o,  on  the  surface  heat-transfer  coefficient  between  the  two,  according  to 


1 - exp(-t/T) 


(1) 


%^ere 


T - p.VC  .A. A) 

1 pi  ^ 1 ' 


(2) 


These  equations  assume  that  hj^  is  independent  of  t and  transient  body  temperature  T^  and  that  the  latter 
remains  uniform  throughout  the  volume  V;  this  is  reasonable  if  B * h£L/k£  is  small.  For  the  cylindrical 
copper  inserts  of  2 mm  diameter  and  length  L used  (with  0.51  - 0.64  mm  chromel-alumel  thermocouple  beads 
crimped  in  holes  in  their  sides  to  measure  T^)  B * 2.6  x 10'^  if  h£  is  conservatively  estimated  at  0.5  kW/m^K. 
According  to  Kreith  (26),  T^  then  varies  negligibly  within  the  insert  and  the  time  for  it  to  approximate 
T«e  of  some  40  s is  well  within  the  range  of  the  data-recording  equipment  used.  For  h£  in  kW/m^K 


T - 6.97/hi  s 


(3) 


Conduction  to  and  between  inserts,  which  are  located  flush  with  the  blade  surface  at  the  stations  shown 
in  Fig.l,  is  minimised  by  using  blades  of  syndanio^asbestos  and  by  offsetting  adjacent  inserts  spanwise  by 
4 mm.  Thermocouple  leads  are  embedded  in  slots  in  the  blades.  Sudden  exposure  of  the  inserts  to  the 
hot  air  is  achieved  by  making  the  two  central  blades  more  than  six  times  longer  than  the  spanwise  duct 
width  of  34  mm  so  that  the  portions  of  the  blades  containing  the  inserts  can  be  slid  into  the  duct  through 
holes  of  blade  cross-section  in  its  6.35  mm  -thick  side  walls;  sealing  is  by  a stuffing-box  arrangement. 

The  opposite  ends  of  the  blades  incorporate  0.78  mm  static  pressure  taps  at  the  same  stations  as  the 
inserts,  as  shown  for  the  suction  surface  in  Fig. 2,  and  communicate  through  1.6  mm  embedded  steel  tubes 
with  the  blade  ends.  These  are  recessed  in  tufnol  blocks  to  form  a carriage  which  slides  on  steel  rods 
and  whose  rapid  motion  is  actuated  through  short  tension  springs  by  a crank  mechanism. 


215-9mm 


The  side  and  profiled  top  and  bottom  walls  forming  the  cascade  body  are  mounted  in  a frame  comprising 
two  parallel  plates  having  holes  of  cascade  cross-section.  The  upstream  plate  is  located  just  ahead  of  the 
leading  edges  and  incorporates  the  follow  flange  seen  in  Fig.l  through  which  2 nm  of  the  incoming  boundary 
layer  are  bled  round  the  duct  periphery;  the  second  plate  is  downstream  of  the  trailing  edges.  The  pitot 
coab  for  downstream  ifake  measuresients  also  shown  in  Fig.l  comprises  twelve  0.8  nn  rake  tubes  fanning  out 
to  2.4  nn  pitch  at  31.8  mm  from  the  5 nn  containing  stem  mounted  norcal  to  the  plane  of  the  comb  to  pass 
through  the  cascade  side  walls.  The  rake  traverses  the  duct  without  influencing  the  extent  to  which  the 
latter  is  blocked  and  also  rotates  in  its  own  plane  to  measure  vertical  wake  profiles  throu^  micrometer 
adjustment  of  the  axial  and  circumferential  positions  of  the  stem.  The  yaw  angle  of  the  tubes  to  the  flow 
is  insufficient  to  cause  measurable  error.  At  the  top  and  bottom  of  one  side  wall  in  the  plane  of  the  tips 
of  the  rake  are  two  static  pressure  taps.  Pressures  are  measured  by  multitube  tilting  manometer  and  photo- 

graphically recorded  to  a resolution  within  1 mm  Hg.  Thermocouple  signals  are  recorded  by  Solartron  data 
logger  incorporating  a DVM,  an  Addo  punch  tape  and  ptinch  drive.  The  time  for  one  complete  scan  of  the 
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26  thermocouples  is  8.23  s. 

Derived  values  of  for  the  inserts  are  reduced  to  those  of  the  adjacent  blade  surfaces  using  the 
procedure  of  Schultz  and  Jones  (27)  Co  account  for  the  effect  on  the  boundary  layer  of  Che  step  temperature 
reduction  from  T|,  to  Tl  over  the  insert  surface.  Assuming  the  thermal  conductivity  of  syndanio-asbestos 
to  be  that  of  epoxy  resin,  whose  time-surface  temperature  response  to  various  heat  fluxes  is  presented  by 
Schultz  and  Jones,  the  error  involved  in  neglecting  conductivity  is  assessed  as  less  Chan  2Z;  Che  resultant 
instantaneous  blade  heat  transfer  coefficient  may  be  shown  from  Che  above  information,  extrapolated  as 
necessary,  to  be  given  by 

h^  - 0.365/t°’^^\w/m2K  (4) 

Elimination  of  t between  Eqse(l),  (3)  and  (4),  coupled  with  the  Schultz  and  Jones  recomnendation, 
yields 


7.48hj^ 


0.483 


0.517 


1 + F(- 


(5) 


where  for  laminar  flow  F ranges  from  0.9  to  2.25  for  inserts  at  5Z  and  25Z  of  the  surface  length  and  for 
turbulent  flow  from  0.27  to  0.64  for  inserts  at  5Z  and  80Z  of  the  surface  length.  The  local  mean  blade 
heat  transfer  coefficient  h,  > on  which  Sc  in  Figs.  7 and  8 is  based,  is  obtained  through  integration  of 
h^  with  respect  to  T.  over  ctie  blade  temperature  range  ^ T.  j T„  i.e.  h^  > hj^  > h^/Cl+F).  Over  the 

experimental  temperalure  range  the  resultant  mean  values  of  the  integral  correspond  within  ±5Z  to  the 
equation 


h. 

- 1 + 0.458F  (6) 


The  uncertainty  interval  in  deriving  hm  using  Eq.(2),  where  t is  evaluated  by  least-squares  fit,  is 
estimated  by  the  procedure  of  Kline  and  McClintock  (28)  to  average  ± 9.7%. 

Application  of  the  above  procedure  to  extended  transition  regions,  which  are  most  pronounced  over 
the  pressure  surface  and  for  which  no  validated  heat-transfer  predictions  (on  which  the  correction 
procedure  depends)  exist,  poses  particular  problems  of  interpretation.  The  h£  distributions  on  the 
pressure  surface  are  in  fact  corrected  as  for  turbulent  flow,  since,  as  will  be  apparent  below,  laminar 
correction  would  result  in  h^jQ  distributions  below  the  laminar  flat-plate  curve.  There  are,  however, 
other  reservations  about  the  use  of  the  Schultz  and  Jones  procedure  which  emerge  in  the  following  discussion. 

RESULTS  AND  DISCUSSION 


It  is  often  assumed  that  channels  or  cascades  of  low  aspect  ratio,  i.e.  the  ratio  span/chord,  which 
in  this  case  is  0.68,  inherently  have  secondary  flows.  However,  the  evidence  of  Bardon,  Moffatt  and 

Randall  (29)  suggests  that  these  can  be  minimised  in  low  aspect-ratio  channels  by  bleeding  the  bou^-wary 
layer  from  all  surfaces  at  the  blade  leading  edges.  The  effect  of  so  doing  in  the  present  cascade  rig 
may  be  assessed  by  reference  to  Fig.  3 in  which  chordwise  static  pressure  distribution  (presented  as 
pressure  coefficient  Cp)  on  the  suction  and  pressure  surfaces  of  the  middle  channel  at  midspan  are 
compared  to  the  same  distributions  at  5%  of  the  span  from  the  sid.^  walls  for  typical  running  conditions. 
Furthermore,  unpresented  measurements  of  stagnation  pressure  distribution  downstream  of  the  cascade  using 
the  pitot  rake  at  various  spanwise  locations  show  maxiinum  variation  in  the  wake  of  the  blades,  but  at  52 
of  the  span  from  the  side  walls  the  stagnation  pressure  is  never  less  than  92.2%  of  that  at  midspw.  This 
supports  the  inference  from  Fig.3  that  it  is  doubtful  if  secondary  flows  measurably  affect  the  heat  transfer 
results. 

The  blade  profile  is  derived  from  a design  with  a blade  channel  outlet  Mach  number  Ma2  of  0.955  and  a 
•orrespondingly  high  trailing-edge  Reynolds  number.  For  the  present  measurements  Ma2  is  limited  to  0.632 
CO  keep  Che  flow  through  Che  cascade  subsonic;  this  in  cum  limits  the  passage  throat  Mach  number  to  0.94. 
le  the  form  of  pressure  coefficient  Fig.3  also  shows  the  comparison  between  the  design  and  measured  velocity 
dtsrrihuciona;  as  Ns2  approaches  Che  design  value  so  the  suction  surface  profile  tends  to  the  design 
r&s«d  ^locicy  distribution.  The  measured  velocity  distributions  are  replotted  as  u/u^  in  Fig. 4 
Aor*  »be<  for  the  suction  surface  is  compared  to  the  low-speed  velocity  distribution  of  Brown  and  Burton 
-f rmiefer  neaaurement*  along  P\D  suction  surfaces.  As  already  mentioned.  Figs.  3 and  4 
•erne*  leridence  ef  the  blades  in  the  present  rig. 

••  •-  •••>.  *•  -r  He  pressure  and  suction  surfaces  arc  based  on  six  experimental  runs 

^ oeHi  for  tmti  values  of  Re^.  The  distributions  of  St  calculated  from  the 

• •re  shewn  ia  Figs.  S and  6,  superisiposed  on  which  are  Che  standard 
■ ^ •••  •I  Hee# **rsnefef  ret e(  ionehips  for  boundary-layer  flow  over  a plat  plate. 
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X Re^=  7-97 « 10®  uXj= 0083 
St.io^  o ' 7-79 -ICP  0057 


Fig. 5 Unreduced  heat  transfer  distributions  for  Re^  = 8 x 10®  and 
0.0A2  « u'/u  < 0.083. 

Eq.  (7); Eq.  (8);  x,  Ma  = 0.79;  0,  Ma  - 0.82; 

V Ma  = 0.94. 


X R0=&63«10, 1+0=0091 


St«10 


8-76 -icF 


0086 
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reduced  as  already  described  by  Eq.(6).  Also  plotted  are  computer  predictions  for  the  corresponding 
averaged  Re^  and  u'/u;  the  prediction  method  is  basically  that  of  Spalding  and  Fatankar  (30)  which  also 
takes  account  of  gas  pressure,  temperature  and  local  velocity,  surface  temperature  and  local  radius  of 
curvature  at  the  points  specified  along  the  surface.  The  transition  criterion  used  is  that  of  Seyb  (13) 
whch  assumes  instantaneous  completion,  but  since  the  computer  programme  outputs  data  for  specified  points 
on  the  surface,  St  inmiediately  after  transition  is  unknown.  The  predicted  curve  is  therefore  smoothly 
joined  to  the  next  computed  point. 


computer  predictbn  x Re^=  7-97  >10^  4^0=  0-083 

equation  (7)  o 7-79 -ICp  0-057 


®/o  pressure  surface  % suction  surface 


Fig.  7 Reduced  heat  transfer  distributions  for  Re  = 8 x 10^  and  0.042  $ u'/u  « 0.083. 


computer  prediction  x Re^=  863 -10^14)0=0-091 

equation  (7)  o 8-76  «lcP  0-088 


100  80  60  40  20  0 20  40  60  80  100 

•/o  pressure  surfcce  •/#  suction  surface 


Fig.  8 Reduced  heat  transfer  distributions  for  Re 


8.76  X 10^  and  0.066  < u'/u  0.091. 
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The  experience  of  the  authors  in  applying  the  reduction  procedure  of  Schultz  and  Jones  leads  them  to 
believe  that  it  overcorrects  hj^.  While  during  the  transient  measuring  period  is  supposedly  less  than 
T],  at  the  blade  surface,  this  may  not  be  true  over  the  2 sin  depth  of  penetration  of  the  copper  insert 
because  of  the  lower  thermal  conductivity  of  the  neighbouring  syndanio-asbestos.  The  temperature  of  the 
insert  body  may  be  equal  to  or  even  higher  than  that  imoediately  around  it.  Furthermore,  the  Schultz  and 

Jones  procedure  is  based  on  such  equations  as  (7)  and  (8)  but  the  evidence  of  Kestin,  Maeder  and  Wang  (31) 

Buyuktur,  Kestin  and  Maeder  (20)  and  Brown  and  Burton  (3)  for  low-speed  flows  is  that  St  increases  with 

u'/u  above  the  value  represented  by  Eq.(7)  in  laminar  boundary- layer  regions;  this  is  also  indicated  by 

Figs.  5 and  7 for  Re^  = 8 x 10^  and  u'/u  up  to  0.07  - 0.08  before  transition  along  the  suction  surface. 

But  reference  to  Figs.  7 and  8 shows  that  in  this  region  the  Schultz  and  Jones  procedure  results  in  values 
of  St  less  than  those  given  by  Eq.(7).  This  is  not  the  case  for  Che  unreduced  results  in  Figs.  5 and  6 
which,  in  the  authors'  view,  siay  well  be  Che  more  reliable. 

Both  the  reduced  and  unreduced  results  on  the  downstream  half  of  Che  suction  surface  generally  accord 
with  Che  conclusion  of  all  ocher  workers  chat  u'/u  does  not  affect  heat  transfer  in  fully-turbulent 
boundary-layer  regions.  This  also  appears  true  of  St  distributions  on  the  pressure  surface,  their  levels 
suggesting  a semi-turbulent  boundary  layer  as  reported  by  Walker  and  Harkland  (5)  Dunham  and  Edwards  (22) 
and  Turner  (6)  who,  as  already  stated,  describe  the  pressure-surface  flow  over  blades  in  cascade  as 
'transitional  with  occasional  bursts  of  turbulence*.  The  heat-transfer  distributions  on  the  suction 
surface  imply  regions,  rather  than  points,  of  transition  from  laminar  to  turbulent  boundary-layer  flow; 
transition  begins  at  12  - 13Z  of  surface  distance  from  the  stagnation  point  and  is  complete  between  26Z 
and  29Z  of  Che  surface  distance.  Computer  predictions  of  the  onset  of  transition  are  at  14Z  of  surface 
distance  for  Re,.  » 8 x 10®  in  Fig.  7 and  at  about  9Z  for  Re^  “ 8.75  x 10®  in  Fig.  8.  In  the  region  of  the 
stagnation  point  the  computations  accurately  forecast  the  high  observed  values  of  St  but  they  subsequently 
generally  overpredicc  reduced  and  unreduced  results  except  towards  the  trailing  edges  on  both  the  suction 
and  pressure  surfaces,  with  a tendency  throughout  locally  to  undershoot  or  overshoot  Che  values  given  by 
Eqn-.  (7)  and  (8)  respectively. 


Fig.  9 Momentum-thickness  Reynolds  number  for  transition  as  a function  of  mainstream 
turbulence  intensity  in  zero  pressure  gradient. 


Reference  to  Fig.  4 shows  that  boundary-layer  transition  on  the  suction  surface  begins  at  about  the 
surface  position  where  the  velocity  gradient  changes  from  being  strongly  positive  to  zero.  It  is 
therefore  reasonable  Co  compare  present  transition  measurements  with  those  of  other  workers  and  with 
available  correlations  in  zero  and  favourable  pressure  gradients.  For  the  former  shown  in  Fig.  9, 
the  momentum-thickness  Reynolds  nuober  at  the  start  of  transition  Ke^^  is  calculated  from  measured  Re^^ 
using  Thwaite's  (32)  relation 

e2  . 9^  J * uSd,  (9) 

u®  o 

and  is  plotted  against  u'/u.  Assuming  zero  velocity  gradient,  current  measurements  yield  a limiting 
value  of  Re0^  *■  130  which  is  less  than  that  of  190  suggested  by  Hall  and  Gibbings  (12)  and  corroborated 
by  the  low-speed  measureisents  of  Brown  and  Burton;  present  findings  do,  however,  accord  with  the  correlation 
of  Van  Driest  and  Blumer  (33). 
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Seyb(t972)  9 Buyukiqr,  ai  (1964^,  + Junkhan  S Serovy0967), 

X Brown  & BurtondS?";!),  ° CXinham  & EdwQrds(1971),  a rnecsured 


Fig.  10  Effect  of  mainstream  turbulence  intensity  on  length  Reynolds 
number  for  transition  in  favourable  pressure  gradients. 

In  Fig.  10,  current  measurements  of  Re^^  are  shown  against  velocity  gradient  factor  K on  the 
assumption  that  transition  occurs  in  the  strongly'-favourable  pressure-gradient  region  in  Fig.  4.  The 
numbers  attached  to  experimental  points  in  Fig.  10(and  Fig.  11  below)  are  values  of  u'/u.  Though  grouped 
together  and  apparently  somewhat  insensitive  to  u'/u,  present  transition  measurements  are  not  unacceptable 
when  compared  to  Seyb's  correlation  and  the  low-speed  measurements  of  Buyuktur,  Kestin  and  Maeder,  Junkhan 
and  Serovy  (21)  and  Brown  and  Burton,  though  they  represent  larger  K than  any  previously  reported.  However, 
for  much  the  same  range  of  high  mainstream  Mach  nun^ers,  current  values  are  on  average  four  times 

greater  than  those  of  Dunham  and  Edwards  at  about  six  times  their  values  of  u'/u.  These  differences  are 
difficult  to  explain,  particularly  in  relation  to  Seyb's  correlation,  but  if  the  assxjmption  of  transition 
in  the  present  tests  at  K values  of  the  order  of  6 x 10*^  is  correct,  the  delay  in  transition  may  arise 
from  the  sup£resslon  of  turbulence  generation  in  the  boundary  layer  associated  with  laminarisation  for 
K > 2.5  X 10  Differences  between  low  and  high-speed  flow  measurements  for  similar  Re,  u'/u,  K and 

free  stream  velocity  distributions  have  been  discussed  in  terms  of  scale  of  turbulence  (e.g.  Brown  and 
Burton)  but  the  comparison  of  high-speed  flow  measurements  in  Fig.  10  renders  such  association  more 
tenuous  and  the  discussion  ax>re  interesting. 

Dhowan  & Narasimha(1958) 

Debruge(1970) 

X Brown  & Burton(1977) 

A measured 


th.  po.ition  of  .tart  of  trmtition. 
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For  flow  in  zero  pressure  gradient  Dhawan  and  Narasimha  (15)  proposed  the  following  relation  between 
the  start  and  length  of  the  transition  region 


Re,  - 5 Re  °-®  (10) 

X xt 

where  X is  a measure  of  the  extent  of  transition  through  limits  of  turbulence  - spot  intermittency  factor. 
Debruge  (3A)  suggested  that  for  flow  over  the  suction  surface  of  a circular-arc  turbine  blade 

1 2ft 

Re^  - O.OOSRc,^^-^®  (11) 

By  combining  Eqs.  (10)  and  (11)  with  Dunham's  (35)  equation 


t - 3.36X 


(12) 


which  relates  X to  the  actual  transition  length  I,  the  former  become 


Re. 


16.8  Re 


0.8 


xt 


(13) 


and 

Re  - 0.0168  Re 
I xt 


(lA) 


Eqs.  (13)  and  (lA)  are  shown  in  Fig.  11  together  with  current  transition  measurements  and  those  of  Brown 
and  Burton  for  low-speed  flows  over  a PVD  blade  with  the  free  stream  velocity  distribution  shown  in 
Fig.  A.  The  latter  are  scattered  around  the  modified  Dhawan  and  Narasimha  line  with  the  exception  of 
the  isolated  point  for  the  highest  u'/u  of  0.092;  present  measurements,  which  fall  somewhat  below  this 

line,  but  well  above  that  of  Debruge,  suggest  a smaller  Re,  for  given  Re  „ than  those  of  Brown  and  Burton. 

* xt 

CONCLUSIONS 

The  following  conclusions  may  be  drawn  from  the  foregoing:- 

(a)  It  is  doubtful  if  secondary  flows  in  the  present  cascade  rig  are  sufficient  to  affect  significantly 
the  heat  transfer  results. 

(b)  Application  of  the  Schultz  and  Jones  procedure  to  account  for  step  changes  in  blade-surface 
temperature  appears  to  overcorrect  the  heat-transfer  coefficients  derived  from  measurements  of  the 
insert  temperatures. 

(c)  Heat-transfer  measurements  on  the  pressure  surface  of  the  PVD  blade  investigated  indicate  that  the 
boundary-layer  flow  is  best  described  as  semi-turbulent  supporting  the  findings  of  other  workers. 

(d)  On  the  suction  surface,  heat  transfer  in  the  laminar  boundary  layer  tends  to  increase  with  free- 
stream  turbulence  intensity. 

(e)  The  position  of  the  start  of  transition  on  the  suction  surface  accords  with  the  Van  Driest  and  Blumer 
correlation  in  zero  pressure-gradient  regions;  correlations  of  the  form  of  Seyb's  may  be  useful  in 

assessing  the  start  of  transition  in  favourable  velocity-gradient  regions.  In  both  regions  the 
start  of  transition  is  little  influenced  hy  freestream  turbulence  intensity  in  the  range  0.0A2  ^ 
u'/u  ^ 0.091. 

(f)  Regions  of  boundary-layer  transition  exist  whose  extent  on  the  suction  surface  is  adequately 
predicted  by  an  equation  of  the  form  of  that  due  to  Dhawan  and  Narasimha. 

(g)  Heat  transfer  in  wholly  turbulent  boundary  layers  is  unaffected  by  freestream  turbulence  intensity. 

(h)  Whilt  the  prediction  procedure  correctly  forecasts  trends  in  the  observed  heat-transfer  distributions, 
over  jtost  of  the  suction  and  pressure  surfaces  the  predicted  heat-transfer  coefficients  do  not 
correspond  well  with  those  derived  from  measurements. 
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DISCUSSION 


D.L.SchulU,  UK 

The  correction  for  the  effect  of  surface  temperature  discontinuities  outlined  in  AG  165  (Ref.27)  should  be  used 
with  caution.  It  has  not  yet  been  tested  systematically. 

Author’s  Reply 

As  noted  in  our  paper,  we  fully  agree  with  the  reservations  expressed  by  Dr  Schultz  concerning  the  use  of  the  surface 
temperature  correction  described  in  AG  165.  The  procedure  was  employed  as  being  the  best  currently  available  but 
we  do  not  wish  to  hide  the  fact  that  extensive  extrapolation  of  the  data  in  AG  165  (Ref.27)  was  necessary  in  order 
to  cover  the  time  scale  of  our  measurements.  This  may  well  invalidate  the  use  of  the  procedure  under  such  circum- 
stances. 
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TECHNIQUES  DE  MESURE  DANS  LES  TURBINES  A HAUTES  TEMPERATURES 


par  Yves  LE  BOT,  Marc  CHARPENEL,  Pterre  Jacques  MICHARO* 


Office  National  d'Btudes  et  de  Recherches  A6rospatiale$  iONERA) 
92320  ChitiUon  • France 


La  qualification  des  systdmes  de  refroidissement  utilise  dans  tes  turbines  h temperature  d'^coulement 
eievee  a conduit  TONERA  d d^velopper,  en  etroite  collaboration  avec  la  SNECMA  et  le  Centre  d’Essais  des 
Propulseurs  de  Saclay  ICEPr),  une  instrumentation  permettant  d'effectuer  sur  machines  industrielles  des  mesures 
generalement  limitees  aux  etudes  de  laboratoires.  Ce  sont  ces  mesures  non  classiques  qui  sont  examinees,  d 
savoir  : 

qualification  de  la  turbulence  de  I'ecoulement  et  analyse  des  sillages  des  aubes  mobiles  au  moyen  de 
sondes  de  preaHon  d court  temps  de  repor>se  ; 

— analyse  des  fluctuations  de  temperature  d'ecouiement  e I'aide  de  sondes  h thermocouple  ou  d fil  resistant 
associees  d une  eiectronique  de  traitement  du  signal  et  par  pyrometrie  optique  ; 

— reperage  des  temperatures  de  surface  des  aubes  mobiles  par  pyrometrie  optique  d court  temps  de  reponse  ; 

— mesure  du  coefficient  de  transfer!  thermique  local  sur  aubes  de  distributeurs  par  analyse  de  revolution  en 
fonction  du  temps  de  la  temperature  de  parol  aprds  coupure  brutale  de  Tair  de  refroidissement  ; 

— mesure  de  I'efficacite  de  protection  thermique  dos  parols  d partir  des  resultats  d'ar>alyse  chromatographique 
de  preievements  gazeux. 

Les  principales  caracteristiques  de  I'instrumentation  developpee  sont  presentees  et  illustrees  par  des  examples 
cfapplication  dans  des  bancs  thermiques  varies  et  en  particulier  dans  un  montage  industrial  adapte  aux  recherches 
sur  les  turbines  e temperature  d*ecoulement  eievee,  instalie  au  CEPr  et  appeie  fMinoss. 


MEASURING  TECHNIQUES  IN  HIGH  TEMPERATURE  TURBINES 

With  a view  to  qualifying  cooling  systems  used  in  high  temperature  turbines,  ONERA  developed,  in  close 
cooperation  with  the  SNECMA  Company  and  CEPr  (Propulsion  Test  Centre  of  the  French  Ministry  of  DeferKe) 
at  Saclay,  near  Paris,  an  instrumentation  for  performing  on  industrial  machines  measurements  usually  limited  to 
laboratory  studies.  These  urKommon  measurements  are  described  : 

— qualification  of  the  flow  turbulence  and  analysis  of  mobile  blade  wakes  by  short  response  time  pressure 
probes  ; 

— analysis  of  the  flow  temperature  fluctuations  by  thermocouple  or  resistor  probes  associated  to  signal  pro* 
cessing  electronics  and  by  optical  pyrometry  ; 

— reading  of  mobile  blade  surface  temperatures  by  short  response  time  optical  pyrometry  ; 

— measurement  of  local  thermal  transfer  coefficient  on  stator  blades  by  analysis  of  the  evolution  in  time  of 
the  wall  temperature  after  sudden  cutting  off  of  cooling  air  ; 

*•*  measurement  of  the  effectiveness  of  the  wall  thermal  protection  from  results  of  a chromatographic  analysis  of 
gaseous  samples. 

The  main  characteristics  of  this  irtstrumentation  are  presented  and  illustrated  by  examples  of  application 
on  various  test  facilities,  and  in  particular  on  an  industrial  set-up  adapted  to  research  on  high  temperature 
turbifws,  installed  at  CEPr  and  called  <Minos». 


1 - IHTRODUCTION 

La  qualification  des  aystdoes  de  refroidis- 
seokent  des  turbines  2 tenpErature  d'Ecoulement 
ElevEe  a conduit  I'ONERA  A dEvelopper  une  instru- 
Dentation  de  mesure  adaptSe  aux  essais  sur 
machines  Industrielles.  Ces  €tudes»  effectuSes  en 
Etroite  collaboration  avec  la  SNECMA  et  le  Centre 


d* Essais  des  Propulseurs » entrent  dans  le  cadre 
d*un  programne  de  recherches  coordennE  par  les 
Services  Officiels  et  particuliSrenent  la 
Direction  des  Recherches  et  Etudes  Teclmiques  et 
la  Direction  Technique  des  Constructions  A^ronau- 
tiques  [1]  [2]. 


(^)  Etude  ef feature  eons  oontrat  de  la  DRET  avec  l*aide  de  T.  HOURS,  WILHELM,  M,  IZARD^ 
R.  LARGUIER  et  C.  d^HUMIERES. 
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Une  caracCeristique  de  1 'apparel llage  realise 
esc  de  rendre  possibles  dans  un  environnement 
moteur  des  mesures  jusqu'a  present  generalement 
reservees  aux  etudes  de  laboratoire. 


Le  tableau  I rappelle  la  nature  de  ces 
mesures  non  classiques  a effectuer  et  I'instrumen' 
ration,  ou  les  techniques  experimentales , retenue 
pour  atteindre  les  objectifs  fixes. 


TABLEAU  I 


MESURES  HON  CLASSIQUES  DEVELOPPEES  DANS  LE  CADRE  DES  ETUDES 
SUR  LES  TURBINES  A TEMPERATURE  D'ECOULEMENT  ELEVEE 


NATURE  DE  LA  MESURE 

INSTRUMENTATION  OU  TECHNIQUE  EXPERIMENTALE 
UTILISEE 

Caracterisation  des  composantes  instation* 
naires  de  I'ecoulement  : 

.Fluctuations  de  pression 

Turbulence  aerodynamique 

.Fluctuations  de  temperature 

Turbulence  thermique 

•Sonde  de  pression  a court  temps  de  reponse 

•Sonde  ^ thermocouple  ou  a fil  resistant. 
Pyrometre  optique. 

Analyse  des  sillages  des  aubes  mobiles. 

Sonde  de  pression  a court  temps  de  reponse. 

RepSrage  de  la  temperature  de  surface  des 
aubes  mobiles. 

Pyrometre  optique  a court  temps  de  reponse. 

Determination  des  coefficients  de  transfert 
thermique  sur  aubes. 

Analyse  de  1' evolution  en  fonction  du  temps 
de  la  temperature  de  paroi  des  aubes  en 
regime  transitoire. 

Mesure  de  I'efficacite  de  protection  ther* 
mique  par  film  gazeux. 

Analyse  chromatographique  de  prelevements 
gazeux. 

Caracterisation  de  la  permeability  d'un 
element  de  turbine  vis-3-vis  de  I'air  de 
refroidissement. 

Emplol  d'un  gaz  traceur  (azote  ou  argon)  et 
analyse  chromatographique  de  prelevements 
gazeux. 

fluctuations  de  pression  et  appliquSes  A 1' etude 
de  la  turbulence  aerodynamique  et  3 1' analyse  des 
sillages  mobiles. 

2.2  - Determination  de  la  turbulence  locale 
de  1 ' ScoulemenT 

Les  methodes  classiques  de  determination  de  la 
turbulence  de  I'ecoulement  au  looyen  d'anSmometres 
3 fil  ou  film  chaud  ne  peuvent  plus  etre  utilisees 
aux  niveaux  de  temperature  rSgnant  3 la  sortie  de 
la  chambre  de  combustion  ou  3 I'entrSe  de  la  tur- 
bine. L'anemomgtrie  laser,  technique  d'avenir, 
n'est  pas  encore  op3rationnelle  et  il  a fallu  se 
rabattre  sur  des  mesures  plus  classiques  de  la 
pression  d' arret  instationnaire. 

Des  etudes  effectuSes  3 temperature  moderSe 
ont  montre  que  les  fluctuations  de  pression 
d'arreti  ipl,et  les  fluctuations  de  vitesse  i 
sont  reliees  par  la  relation  : 

(I)  ^ = K ^ ^ 

^ V 

ou  I'on  peut  prendre  pour  ^ et  V les  valeurs 
moyennes  de  la  masse  volumique  et  de  la  vitesse. 


L'appareillage  de  mesure  developpe  dans  le 
cadre  de  ces  recherches  est  prSsente  ci-apr3s. 

Ses  possibilites  expSrimentales  sont  illustrees 
par  des  exemples  d' applications  tirSs  d'essais 
effectuSs  dans  des  bancs  thermiques  varies  et 
principalement  dans  la  turbine  MINOS  (Montage 
Inter  ONERA  SNECMA  instalie  au  CEPr  3 Saclay) 
adaptee  aux  etudes  sur  les  turbines  3 temperature 
d'ecoulement  elevee. 


2 - MESURES  DE  PRESSION  INSTATIONNAIRE  DANS  LES 

ECOULEMENTS  A HAUTES  TEMPERATURES 

2.1  - Pose  du  problSme 

Les  mesures  de  pression  dans  les  ecoulements 

3 hautes  temperatures  sont  effectuees  en  vue  de 
determiner  les  composantes  continues  et  insta- 
tionnaires  de  la  pression  statique  et  de  la 
pression  d'arret.  Elies  necessitent  la  mise  en 
oeuvre  de  sondes  refroidies  pouvant  comporter  un 
element  sensible  dont  la  protection  contre  1' envi- 
ronnement 3 haute  temperature  dans  des  gaz  sou- 
vent  reactifs  doit  etre  assuree.  Nous  ne  donnerons 
ici  comme  exemple  que  deux  techniques  de  mesure 
particuli3res  relatives  3 la  determination  des 


Le  facteur  de  proportionnalitd  K peut  etre  pris 
egal  i 2 dans  les  mesures  de  turbulence  libre  [3] 
comne  le  monCre  la  figure  I sur  laquelle  sonC 
conparees  les  densitds  spectrales  energetiques  re- 
levees avec  une  sonde  d film  chaud  et  une  sonde 
de  pression  d' arret  dans  un  icoulement  3 faible 
vitesse  ( M ■ 0,3)  et  temperature  moddree  ( T • 
3A0  K). 

Pour  des  temperatures  plus  elevees  des  sondes 
spdciales  ont  dte  conques,  dans  lesquelles  I'eld- 
ment  sensible,  un  capteur  piezoelectrique  ONERA 
20H47  ou  20H48,est  plus  ou  moins  protegd  suivant 
la  durde  de  vie  prdvue  pour  la  sonde  et  la  bande 
passante  souhaitde. 

La  figure  2a  montre  le  schdma  d'une  sonde 
d' arret  de  forme  classique  comportant  un  capteur 
affleurant.  Une  circulation  d'eau  maintient  la 


structure  de  la  sonde  3 une  tempdrature  convenable 
et  une  protection  de  la  surface  sensible  est  assu- 
rde  au  moyen  d'un  dlastomdre  qui  se  carbonise  pro- 
grcssivement.  La  durde  de  vie  du  capteur,  variable 
avec  les  conditions  d'essais,  est  de  I'ordre  de 
30  minutes  3 1300  K sous  4 bar.  La  bande  passante 
est  tres  dlevde  (300  kHz  environ) . 

Dans  le  montage  de  la  figure  2b  le  corps  de 
la  sonde  est  cylindrique  et  le  capteur,  toujours 
protdgd  par  un  dlastomere,  est  placd  au  fond  d'une 
cavitd  fa'~e  3 I'dcoulement  et  ses  performances 
sont  semblables  3 celles  de  la  prdcddente.  Par 
centre  dans  la  sonde  cylindrique  de  la  figure  2c 
I'dldment  sensible  esc  placd  lacdralement  dans  une 
cavitd  refroidie  [4].  Sa  bande  passante  n'est  plus 
que  de  10  kHz  mais  la  durde  de  vie  semble  tres 
grande  pour  une  tempdrature  ne  ddpassant  pas 
1800  K. 
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Un  exemple  de  repartition  de  densite  spectrale 
energetique  relevee  i la  sortie  d'une  chambre  de 
combustion  est  presente  sur  la  figure  3.  La  tur~ 
bulence  deduite  des  mesures  etait  de  5 pour  cent 


^ 340  K sous  2,35  bar  et  de  7 pour  cent  I 1200  K 
sous  4 bar  • La  raie  correspondant  d la  frequence 
F 2;  500  Hz  est  due  a des  instabilit^s  induites 
par  la  combustion  et  est  propre  I I'installation. 


Fig.  3 — Spectres  de  fluctuations  de  pression  d'arr€t  dans  un  banc  thermique. 


2.3  - L* analyse  des  sillages  des  aubes  mobiles 
constitue  une  autre  application  des  mesures  de 
pression  instationnaire.  lei  non  plus  I'anemometrie 
a fil  chaud  [4]  [5]  ne  peut  etre  utilisee.  L'anemome- 
trie  laser,  qui  a donne  d'excellents  resultats 
pour  les  etudes  de  sillages  d* aubes  de  compresseur 
[6],  n*est  pas  operationnelle  pour  ce  probleme 
non  plus.  11  a done  fallu  appliquer  une  methode 
basee  sur  les  mesures  de  fluctuations  de  pression 
qui  avait  ete  egalement  mise  au  point  dans  les 
etudes  de  compresseurs  [4,  3,  7]. 


La  sonde  utilisee  (figure  4)  est  du  meme  type 
que  ceux  decrits  ci~dessus  mais  ses  dimensions 
ont  ete  encore  reduites  (temps  de  reponse  'V/  0,5  mi- 
croseconde;  utilisation  jusqu'S  1800  K) . Le  signal 
delivre  par  le  capteur  de  pression  est  enregistre 
sur  bande  magnetique  analogique.  Des  indications 
correspondant  a une  meme  position  relative  de  la 
sonde  et  de  I'aube  a analysei;  mais  a des  oriental 
tions  differentes  du  capteur  par  rapport  a la 
vitesse  de  l'ecoulement,on  deduit>au  moyen  d'un 
programme  de  calcul  approprie,  I'intensite  et  la 
direction  de  la  vitesse  absolue. 


a.  Repr^ntation  sch^matique  de  la  sonde.  Scorns  en  mm) 


Fig.  4 — Sonde  de  pression  instationnaire  hau^  amp4rature  i tite  de  mesure  miniaturisSe 
d4velopp4e  pour  r analyse  des  tillages  des  aubes  mobiles  de  turbine. 
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3.2  - topgraee  de  la  tempSrature  de  surface 
das'  aubes  mobiles  par  pyromStrie  opti- 
que 

L'emploi  de  thermocouples  est  limitd  d des 
CempdraCures  relacivement  basses.  L'Squipenient  des 
aubes  consticue  par  ailleurs  une  amorce  de  rupture 
de  celles-ci.  Aussi  un  repSrage  de  la  temperature 
de  surface  par  pyromAtrie  optique  a-t-ll  etd 
ddveloppe  [8]. 

Un  guide  de  lumlere, constitud  par  un  cube  md- 
tallique  de  16  mn  de  diamecre  refroidi  par  circu- 
lation d'eau, est  muni  d son  extremitd  d'un  prisme 
de  renvoi  d 90'  place  devant  une  ouverture  circu- 
laire  (figure  7).  La  surface  visde  est  de  I'ordre 
de  2 mm7  et  le  modulateur  place  devant  le  ddCecCeis: 
d arsdniure  d' indium  refroidi  d 230  K par  effet 
Peltier  dvite  la  ddrive  du  zdro  en  coupant  le 
faisceau  incident  (enregiscrement  des  temperatures 
un  tour  sur  deux) . Un  miroir  dichrotque  ne  laisse 
passer  que  le  rayonnement  infra-rouge. 


Fig.  7 - Sehtim  dt  It  tond»  pyromitrUtue  t frit  court  temps  de  riponse. 
t ledieteur  - 2 Viste  rdf  lex  - X Uiroir  semndfldchissem  • 4.  Tube  refroi- 
di ■ & Frame  ■ 6.  Miroir  i prisme  ■ 7.  Surface  eisie  ■ 8.  Surpression  ire- 
rote  ■ A Tube  couiasent  - 10.  Moduieteur  - 1 1.  Surfece  sensible  du 
ddteeteur. 


Fig  9 — Exploration  de  tempireture  sur  Textrados  cTune  aube  mobile. 


Fig  10  — Influence  du  refroidissement  sur  le  profil  des  tempdtatures 
de  Textrados. 


Ce  pyromdtre  a dtd  dtalonnd  pour  des  cempd- 
ratures  coiiq>rises  entre  720  et  2100  K et  a suppor- 
td  des  pressions  de  20  bar. 


Deux  pyromdtres  identiques  visent  respective- 
ment  I'extrados  et  I'intrados  des  aubes  (fig.  8)  : 
le  domaine  visible, constitud  par  le  voisinage  du 
bord  d'attaque  et  du  bord  de  fuite,est  indiqud  sur 
ceCte  figure.  Un  exemple  d'enregistrement  effected 
d temperature  moddrde  est  prdsentd  sur  la  fig.  9. 
L' interruption  du  signal  due  au  passage  des  aubes 
apparait  nettement  sur  ceCte  figure.  Le  ddpouille- 
menc  des  mesures  prdsentd  sur  la  figure  10  met  en 
dvidence  1' influence  du  ddbit  de  refroidissement 
sur  le  niveau  de  tempdrature  de  I'aube  ; aux  forts 
debits  la  tempdrature  du  bord  de  fuice  est  plus 
dlevde  que  celle  repdrde  au  milieu  de  I'aube;  aux 
faibles  ddbits  c'est  le  contraire. 


Sens 

de  rotation 

t 


Fig  8 - Frineipe  de  le  mature  pyromdtrique  sur  tube  dc  itWme. 


L'utilisation  du  pyromecre  optique  a montrd 
que  cette  technique  prdsente  quelques  difficultes 
pour  repdrer  avec  prdcision  les  teiiq>dratures  de 
surface  en  valeur  absolue.  C'est  par  centre  une 
sidthode  de  mesure  tres  complete,  tres  fiable  et 
plus  simple  d'emploi  que  les  techniques  utilisant 
des  thermocouples  et  son  domaine  d'emploi  est 
plus  dtendu  vers  les  hauces  cempdratures . 

3.3  - Mesure  des  fluctuations  de  tempdrature 
au  sein  du  fluide 

Aux  fluctuations  de  vitesse  et  de  pression 
i la  sortie  d'une  chambre  de  combustion  dderites 
au  $ 2.2  sont  assocides  des  fluctuations  de  teiiq>d- 
rature  dont  il  importe  de  connattre  I'incensitd 
(probldme  de  I'oxydation  superf icielle  des  aubes 
sous  I'effet  de  chocs  thermiques;  inf luence  de  la 
turbulence  thermique  sur  les  transferts  de  chaleur). 

3.3.1  - Sondes  A thermocouples  et  son- 
des a fil  rdsistant 


Le  thermocouple  classique  ou  la  sonde  A 
rdsistance  gdndralement  utilisds  pour  des  dcoule- 
ments  permanents  peuvent  etre  adaptds  A la  mesure 
des  fluctuations  de  tempdrature  A basses  frequences 
[9]  [10]. 

Le  diamAtre  minimal  des  dldments  sensibles  A 
utiliser  afin  de  leur  assurer  une  robustesse  mdea- 
nique  auffisante  et  de  limiter  leur  inertie  ther- 
mique est  directement  lid  au  niveau  de  tempdrature 
et  de  vitesse  et  A la  propretd  de  I'dcoulement  A 
caraetdriser. 


La  rdponse  brute  de  la  S'^^  est  q:orrigde  V 
moyen  d'un  disposilf^lectroiTque  tenant  compte 
de  la  co(flf?ante  de  temps  ^ de  I'dldment  de  me- 


Tc  = Tb  e-  b -ilk 

At 
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[12]  a adapt£e  aux  Scoulements  gazeux  des 
bancs  thermiques  dont  la  teiopdracure  est  infdrleu- 
re  a 1400  K. 


ou  ast  la  riponsa  bruca  de  la  sonde  a 1' ins- 

tant t at  Te  sa  valeur  corrigde  [II].  Un  exem- 
pla  da  signal  brut  at  da  signal  traitd  est  donne 
sur  la  figure  11. 

. riponu  brutt  de  It  unde 


iigm!  ipres  traitemtnt 


Fig.  11  — Exempie  cFana/yse  des  fluctuations  de  tempirature 
tf^couiement  au  moyen  tfune  sonde  4 thermocouple  d 
soudure  sphdrique  - 25/100  mm; consents  de  temps, 
Z : 20  ms)  assocHe  d une  4lectronique  de  traitement 
du  signal  brut 


3.3*2  - Pyrometrie  optique 

La  mechode  de  mesure  par  renversement 
de  raie  mise  au  point  a 1*0NERA  pour  lea  gas  d 
hauCes  temperatures  issue  des  moteurs  fusde  till 


densite  spectrale  energetigue 
unitis  arbitrairas 


sonde  a fU  resistant'^  V 
/■--  T^[t)  > 

{riponse  brute  da  la  sonda) 
pression  •.  1 bar 
temperature  t 020K 


Le  pyrometre  utilise  fonctionne  dans 
1* infra^rouge  et  utilise  I'absorption  propre  des 
gaz  d etudier  par  la  vapeur  d'eaua 

Cette  methode  consiste  d enregistrer  le 
rayonnement) 

a)  d'une  source  de  reference, 

b)  de  la  source  de  reference  aprds  traver- 
see  des  gaz  d dtudier, 

c)  des  gaz  seuls. 

Les  detecteurs  utilises  sont  des  cellules 
photovoltalques  d I'antimoniure  d' indium  refroi~ 
dis  d 77  K par  de  1* azote  liquide. 

Cette  basse  temperature  du  detecteur  permet 
la  mesure  de  temperatures  de  gaz  jusqu'd  une  li' 
mite  infer ieure  de  I'ordre  de  600  K.  Le  temps  de 
reponse  est  de  I'ordre  de  la  microsecoode. 

La  figure  12  compare  les  densitds  spectrales 
energetiques  mesurees  d la  sortie  d'une  chanibre 
de  combustion  par  une  sonde  d fil  resistant  non 
corrigee,  I'analyse  du  meme  signal  apres  correc~ 
tion  et  enfin  I'analyse  du  signal  delivre  par  le 
pyrometre  optique.  La  concordance  des  deux  der~ 
nieres  analyses  est  correcte  jusqu'd  une  frequen** 
ce  de  500  Hz  environ. 


..raie  propre  de  la 
chambre  de  combustion 


pyrometre  optique 


ysonde  a fit  resistant 

‘ dt  \ 
avechlOms  \ 
frequence 


Fig.  12  ~ Spectres  de  ffuctuationt  de  temperature  tFdeoulement  4 (a  sortie 
d'une  chambre  de  combustion.  Mite  en  duidence  de  rinysortance  du 
traitement  du  signal  brut  pour  diargir  la  bande  passante  d'une  sonde 
4 fil  rdsistant. 


A titre  de  coiiq)arai8on  nous  avons  portd  sur  la 
figure  13  les  densitds  spectrales  dnergetiques  d|» 
rivdes  de  I'analyse  des  signaux  d^livrds  par  une 
sonde  de  pression  d'arret  et  par  une  sonde  pyrome^ 
trique  placees  d la  sortie  de  cette  meme  chambre 
de  combustion.  Une  bonne  similitude  des  deux  cour*~ 
bes  peut  etre  observee. 


jrA  densite  spectrale  energetigue  ^ , 

arbitraires  propre  de  la 

fy  chambre  de  combustion 


X'ometre  optique 


^ friguence  {kHz ) 

10  10^  10^  10* 

Fig  13  - Comparaieon  des  spectres  de  fkjctuatlons  de  tempdreture 
et  de  pression  dfarrdt  4 la  eortie  d'une  chambre  da  combustion. 


TRANSFERTS  DE  CHALEUR 


Le  dimensionnement  des  aubes  et  de  leurs  syst^ 
laes  de  refroidissement  est  conditionn€  par  la  con* 
naissance  des  coefficients  d'6change  et  de  la  tern* 
pdrature  d'dquilibre  du  mdtal. 


Des  mesures  de  temperature  ddcrites  aux  S 3.) 
et  3.2  on  peut  remonter  facilement  d la  determine* 
tion  des  coefficients  de  transfert  de  chaleur  [14]. 
De  1 'equation  de  la  chaleur  oh  I'on  neglige  en 
premiere  approximation  les  termes  de  conduction 
laterale  : 


( Ta.  - T)  = p c e-  iX 


oQ  ~r  est  la  tempSrature  de  paroi,  la.  sa  tempSra- 
ture  athenaane,  f la  masse  voluinique  du  mdtal, 

C sa  chaleur  spdcifique  et  » I'doaisseur  de  la  paroi, 
on  peut  dSduire  le  coefficient  d'Schange  «(  au 
cours  d'une  montde  en  tempSrature  de  la  paroi 


■J..  y , .. 
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(arret  du  refroidissement) . La  figure  14  doime  le 
principe  de  cette  mdthode  qui  s'esC  avSrde  trSs 
precise  et  repetable.  Un  exemple  de  ddpouillement 


est  presents  sur  la  figure  IS.  La  conparaison  avec 
les  prSvisions  thSoriques  montre  un  assez  bon  accord 
entre  experience  et  calcul  [15], 


Fig.  14  — Principe  de  la  mesure  du  coefficient  de  transfert  thermique  local  sur  aubes  de  distributeur. 


Fig  IS  - Coefficient  de  transfert  thermique  local  sur  aubes  de  distributeur. 


5 - MESURE  DE  L'EFFICACITE  DE  PROTECTION  THERMIQUE 
PAR  FILM  GAZEUX 


Lorsque  par  injection  i travers  des  Events 
correcteoent  disposes  sur  la  paroi  des  aubes  on 
dtablit  sur  la  surface  de  celles-ci  des  films  ga- 
zeux,  I'efficacite  de  protection  thermique  peut 
etre  caractdrisSe  par  le  paramStre  : 


oQ  est  la  temperature  athermane  de  la  paroi 
en  presence  du  film,  Tu  io  temperature  de  frot- 
tement  de  1 ' dcoulesient  iniaud  et  Ti  la  tempera- 
ture d' injection  du  refrigerant. 

La  temperature  athermane  locale  est  diffici- 
letsent  accessible  i une  determination  directe . 
Aussi  a-t-on  systeaiatiquesient  utilise  I'analogie 
entre  transfert  d'energic  et  transfert  de  masse 
(analogic  de  Reynolds)  pour  caracteriscr  cette 
eff icacite. 

On  peut  montrer  cn  effet  [16]  [iTIqu'il  y a 
equivalence  entre  I'efficacite  thermique  definia 


par  (4)  et  celle  ddduite  de  : 


ou  7 est  la  concentration  massique  d'un  consti- 
tuant  du  gaz  de  refroidissement  dont  la  concentra- 
tion I I i I'injection  est  differente  de  celle 
dans  I'ecoulement  principal.  Vp  est  la  concentra- 
tion de  ce  constituent  mesurde  au  point  dtudid.  La 
figure  16  montre  la  validite  de  cette  analogie 
dans  un  large  domaine  de  variation  du  coefficient 
de  soufflage  m , rapport  des  ddbits  unitaires  du 
gaz  de  refroidissement  et  de  I'dcoulement  princi- 
pal. 

La  technique  de  prSldvement  et  d' analyse  par 
chromatographie  en  phase  gazeuse  des  dchantillons 
a dtd  mise  au  point  sur  des  montages  de  labora- 
toire.  Les  dchantillons  gazeux  prdlevds  par  aspi- 
ration 2 travers  des  orifices  de  0,3  nn  de  dia- 
mStre  sont  stockds  dans  des  bouteilles  de  capa- 
citd  28  cm^  remplies  aprSs  prSlSvement  par  de 
I'hdlium  1 une  surpression  suffisante  pour  dviter 
des  rentrdes  d'air  [18].  On  exemple  de  ddtermina- 
tion  d'efficacitd  de  refroidissement  par  film 
d'une  plaque  plane  est  prdsentd  sur  la  figure  17 
[19]. 
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Fig.  16  — Equivtience  dn  metuns  de  temperatures  et  de  concen^tions  gareuses  pour  la 
determination  de  Fefficacite  thermique  de  protection  par  film. 


a.  Details  ch  montage  tfesaai. 


A.  Comparaison  dee  efficacites  de  pro^tion  dwrmique 
meturees  et  cakuiees  (coefficient  de  soufflage  m ~ 1). 

• efficacite  mesuree  « (concentrationsi 

• efficacite  calcuiee  ^(concendadont! 

A(wnperatures) 


Fig  17  — Example  tfappUcation  de  ranalyse  chromatographique  de  preievements  gaieux  i la  determirtation 
de  Fefficacite  de  protection  thermique  tfune  paroi  plane.  Cas  de  I'emitsion  <tun  film  i tracers  une 
fente  de  largeur  1 mm. 


6 - CARACTERISATION  DE  LA  PERMEAfilLITE  D’UN  ELEMENT 
DE  TUKBINE  VIS-A-VIS  DE  L'AIR  DE  REFROIDISSE- 

MEN^.  CdMTROLE  DU  MELANGE  DU  CAZ  DE  BEFROIDIS- 

SEMENT  ET  DE  L'ECOUtEMENT  PRIHCIPAL 


Une  bonne  connaissance  de  la  rSpartition  du 
ddbit  de  gaz  de  refroidisaement  entre  lea  divera 
SlSmenta  fixea  et  mobilea  d'une  turbine  et  de  aon 
ndlange  avec  I'dcoulement  principal  eat  importante 
afin  de  prdciaer  1' influence  de  cea  phSnoininea  aur 
lea  performancea  dea  diveraea  coupea  dca  aubagea  et 


de  permettre  enauite  fventuellement  d’optimiaer  la 
poaition  dea  orificea  d* injection  au  niveau  dea 
aubea  et  cartera. 

Four  controler  le  cheminement  du  fluide  de  re- 
froidiaaement  dana  une  turbine,  1' injection  d'air 
pent  etre  remplacSe  par  celle  d'un  gaz  traceur, 
I'azote  ou  I'argon  par  exeinple.  L'analyae  d'dchan- 
tillona  de  gaz  prSlevda  dana  la  veine  permet  en- 
auite d'aboutir,  i partir  dea  concentrationa  d£- 
tectSea,  1 une  connaiaaance  prficiae  de  la  rdpar- 
tition  de  ce  fluide  traceur  aur  la  hauteur  de 
veine  dana  le  plan  de  prdlivement  retenu. 
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A titre  d'exemple  une  representation  schematic 
que  d'un  dispositif  d'aliatentation  de  la  turbine  en 
gaz  traceur  est  donnee  sur  la  figure  18.  Les  figu* 
res  19  et  20  illustrent  une  application  d^  cette 
methode  pour  l'€tude  de  la  repartition  en  d^bit  du 


gaz  de  ref roidissement  en  aval  d'un  etage  de  tur^ 
bine.  Une  diffusion  rapide  du  gaz  traceur,  favori- 
8€e  par  les  effets  de  centrifugation  3 la  traversee 
du  rotor,  apparait  en  particulier  tr3s  nettement 
sur  une  fraction  importante  de  la  hauteur  de  veine. 


Fig.  18  --  Example  (fadaptation  d'un  dispositif  d'alimentation  d'un  banc  turbine  en  azote 
comma  gaz  de  refroidissement  ou  gaz  traceur. 


Fig  19  — Representation  scMmatique  de 
la  repartition  du  gaz  de  refroidisse- 
ment e la  traversee  d'un  rotor  de 
turbine. 


Plan  de  sonda9e  et  de  pr^levement 
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Fig  20^  Exempte  d'appUcetkm  de  ranetym 
chrormto^ephique  de  preievemants  gueux 
i it  determination  de  revolution  rattle 
de  la  repartition  du  dibit  de  gaz  de  rafroi- 
disaemant  (azote  ou  argon)  an  aval  d'un 
itage  da  turbine. 


A 


too 


dMit  masse  local  gaz  infects 
cMbit  masse  local  (air  principal  'f  gaz  inject^) 


ytf- 
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8 - COHCLUSIOS 


La  validation  des  mdthodes  de  calcul  des  tem- 
peratures des  turbines  refroidies  par  air  ndcessi- 
te  d'effectuer  sur  machines  industrielles  des  me- 
sures  aussi  nombreuses,  fines  et  prScises  que  cel- 
les  effectudes  au  cours  des  essais  sur  bancs  par- 
tiels. 

L'instrumentation  de  mesure  ddveloppde  par 
I'ONERA,  dans  le  cadre  d'une  Stroite  collaboration 
avec  la  SNECMA  et  le  Centre  d'Essais  des  Fropul- 
seurs,  rdpond  d ce  souci.  Son  experimentation  dans 
divers  bancs  thermiques,  en  particulier  au  banc 
turbine  MINOS,  a permis  de  controler  ses  possibili- 
tds  et  de  rSaliser  dans  un  environnement  moteur 
des  mesures  gendralement  limitees  aux  etudes  de 
laboratoire.  La  comparaison  des  rdsultats  ainsi 
obtenus  et  de  ceux  acquis  sur  bancs  partiels  de- 
vrait  permettre  de  mieux  prdciser  1' influence 
des  paramStres  moteurs,  comne  la  turbulence  de 
I'dcoulement  et  les  effets  de  centrifugation  dans 
un  rotor,  sur  des  phdnomSnes  importants  comie  les 
coefficients  de  transfert  thermique  au  niveau  des 
parois  et  I'efficacite  de  protection  thermique  par 
film  gazeux,  Ces  problemes  sont  essentials  tant 
pour  le  chercheur  et  son  besoin  de  comprehension 
des  phdnomSnes  rencontrgs  que  pour  le  motoriste  et 
son  souci  de  mise  au  point  des  turbo-reacteurs. 


[7]  - R.  LARGUip  - C.  RUYER 

Mgthode  d'analyse  expgrimertale  de  I'gcoule- 
ment  instationnaire  dans  un  compresseur 
aeronautique  transsonique. 

Rech.  ASrosp.  n*  1972-6,  p.  353-354. 

[8]  - M.  CH^ENEL  - J.  WILHELM 

Pyromgtre  infra-rouge  destinS  i la  mesure 
des  temperatures  d'ailettes  de  turbine. 
Mesures,  regulation,  automatisme  - Vol.  41, 
n*  4,  Avril  1976  - p.  41-50. 
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Dynamic~gas  temperature  measurements  in  a 
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DISCUSSION 


FJ.Louis,  US 

What  is  the  inDuence  of  the  nature  of  the  combustion  products  such  as  soot  on  the  pyrometric  measurements? 
Author’s  Reply 

II  est  effectivement  necessaire  que  I’dmission  des  gaz  se  trouvant  entre  le  pyrometre  et  I’aube  soit  ndgligeable  devant 
I’emission  de  la  paroi.  Cette  6missivit6  est  due:  (a)  soit  aux  gaz  tels  que  COj , Hj O et  il  est  necessaire  de  supprimer 
les  bandes  d’6mission  les  plus  intenses  en  coupant  le  rayonnement  infra-rouge  au  dela  de  2,5  urn;  (b)  soit  aux 
particules  de  suie  en  suspension  dans  les  gaz.  Des  experiences  sur  bancs  statique  ont  montr6  que  ces  particules 
peuvent  etre  genantes  k haute  temperature  et  haute  pression  (2000  K,  20  bars)  mais  sans  influence  aux  temperatures 
et  pressions  usuelles  (3  a 4 bars  et  900  a 1 200°C  par  exemple).  II  faut  d’ailleurs  noter  que  le  pyrometre  est  tres 
pres  des  aubes  (quelques  cms)  et  que  le  facteur  d’emission  est  ainsi  minimise.  Evidemment  il  est  necessaire  d’eviter 
le  depot  et  I accumulation  de  suie  sur  la  fenetre  du  pyrometre  qui  doit  etre  balaye  en  permanence  par  un  courant  de 
gaz  frais. 


D.K.Hennecke,  Germany 

My  question  is  also  directed  to  pyrometry.  Since  the  accuracy  of  this  measurement  technique  depends  much  on  the 
value  and  the  directional  dependence  of  the  blade  surface  emissivity,  I would  like  to  know  if  you  treat  the  blade 
surface  in  order  to  obtain  high  emissivity  values  and  make  them  suitable  for  pyrometry. 

Author’s  Reply 

Nous  n’avons  pas  fait  subir  de  traitement  particulier  aux  aubes,  mais  dans  le  cas  de  la  turbine  MINOS  nous  avons 
demande  a la  SNECMA  de  supprimer  le  traitement  d’aluminisation  qui  conduisait  ^ des  6missivit6s  particulierement 
faible,  de  I’ordre  de  0,2.  Sans  ce  traitement,  I’emissivite  de  I’aube  avant  essai  a ete  trouvee  egale  a 0.6.  La 
comparaison  avec  les  thermocouples  pendant  les  essais  a faible  temperature  de  gaz  (900°)  a donne  0,74. 

Des  essais  sur  banc  statique  ont  montre  que  i’6missivite  des  aubes  aparaissait  tres  vite  pour  atteindre  des  valeurs 
superieures  a 0,9  lorsqu’elles  sont  soumises  a des  gaz  dont  la  temperature  depasse  1 200°.  Ces  essais  doivent  etre 
repris  dans  le  cas  ou  les  aubes  ont  subi  un  quelconque  traitement  de  surface. 


W.Liebe,  Germany 

You  are  measuring  the  heat  transfer  in  a moment  when  the  temperature  rises,  if  I understood  well,  in  the  front 
region  of  a hot  jet.  In  this  early  stage  the  thermal  boundary  layer  is  not  the  same  as  in  steady  flow. 

Author’s  Reply 

The  increase  is  not  caused  by  a jet,  but  by  decreasing  the  cooling  flow  inside  the  blade.  The  steady  flow  outside 
the  blade  is  not  disturbed. 


W.Liebe,  Germany 

1 think  in  the  case  that  the  increasing  of  wall  temperature  is  caused  by  decreasing  the  cooling  flow  inside  the  blade, 
the  profile  of  the  outside  thermal  boundary  layer  will  be  changed.  The  steady  flow  heat  transfer  coefficient  exists 
only  in  the  beginning,  at  the  time  point  “zero”. 

Author’s  Reply 

La  couche  limite  thermique  externe  depend  effectivement  de  la  temperature  de  surface  de  I’aube  et  en  toute  rigueur 
la  notion  de  coefficient  d’echange  n’a  de  sens  que  pour  une  temperature  de  paroi  constante.  En  consequence,  la 
methode  consistant  a analyser  revolution  de  la  temperature  de  surface  d’une  aube  sans  emission  apres  coupure 
brutale  du  refroidissement  par  convection  interne  n’est  done  valable  qu’en  premiere  approximation. 

Pour  mieux  cemer  cette  difficulte  les  etudes  experimentales  sur  montages  de  laboratoires  etsur  machines  industrielles 
sont  toujours  effectuees  en  analysant  successivement  plusieurs  evolutions  des  temperatures  de  surface  d’aubes  en 
regime  transitoire.  Ces  transitoires  correspondent  k des  ecarts  de  temperature  plus  ou  moins  importants  entre  les 
deux  equilibres  thermiques  associes  aux  etats  ‘aube  refroidie’  et  ‘aube  non  refroidie’.  Il  est  apparu  que  la  dispersion 
entre  les  coefficients  de  transfert  thermique  deduits  de  ces  transitoires  plus  ou  moins  accentues  est  en  general  faible 
et  la  methode  utilisee  peut  done  etre  consideree  comme  satisfaisante  en  premidre  approximation.  La  repartition  sur 
I’aube  du  coefficient  de  transfert  thermique  ensuite  retenue  est  une  moyenne  de  celles  obtenues  au  cours  de  ces 
divers  transitoires  successifs. 
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ABSTRACT 

This  note  describes  a method  to  measure  an  adiabatic  vail  effectiveness,  n,  cihd  its 
associated  heat  transfer  coefficient,  h , of  a film  cooling  system  for  turbine  components 
in  a short  duration  facility.  Such  a facility  vas  used  to  provide  flow  conditions 
selected  to  simulate  those  of  advanced  aircraft  turbines.  The  measurement  of  heat  transfer 
rates  under  different  coolant  temperature  conditions  and  the  definition  of  a linear 
relationship  between  a heat  transfer  coefficient,  h,  based  on  mainstream  recovery 
temperature  and  a non-dimensional  coolant  temperature,  6,  leads  to  the  evaluation  of  n 
and  hf.  The  measurements  on  a flat  pl^te,  cooled  by  air  ejected  through  inclined  holes 
at  a Mach  number  of  0.6,  unit  Reynolds  number  of  2.U  * 10'  per  metre,  wall  to  mainstream 
temperature  ratio  of  O.76,  coolant  to  mainstream  temperature  of  0.70  to  0.95  and  mass 
velocity  ratio  from  0.5  to  1.5  confirm  the  linearity  of  the  h,  0 relation  and  prove  the 
ability  of  a short  duration  facility  to  provide  useful  film  cooling  data  for  blade 
cooling  system  development. 


Cette  note  decrit  une  m6thode  utilisee  pour  mesurer,  dans  une  soufflerie  a temps 
d'essai  bref,  une  efficacit?  n , definie  pour  une  paroi  adiabatique,  et  le  coefficient 
d’echange  associe  hf,  d'un  dispositif  de  refroidi ssement  par  film  d'air  de  composants 
de  turbine  a gaz.  La  mesure  de  flux  thermiques  pour  differentes  temperatures  du  gaz  de 
refroidissement  et  1*  definition  d'une  relation  lineaire  entre  un  coefficient  d'echange, 
base  sur  la  teL.^  irature  de  recuperation  de  I’^coulement  principal,  et  une  temperature 
adimensionnelle  6,  conduit  a I'evaluation  de  q et  hf.  Les  mesures  furent  realisees  sur 
une  plaque  plan..,  refroidie  par  un  film  d'air  ^mis  par  des  trous  inclines,  dans  les 
conditions  suivantes  : Mach  = 0.6,  nombre  de  Reynolds  unitaire  : 2, It  x 10',  rapport  de 
temperature  de  paroi  a la  temperature  de  I'ecoulement  principal  = 0.76,  rapport  de  la 
temperature  de  I'air  de  refroidissement  a celle  de  I'ecoulement  principal  variant  de 
0.70  a 0.95.  Elies  confirment  la  linearite  de  la  relation  h(6)  et  demontrent  la  capacite 
des  souffleries  A temps  d'essais  court  a produire  des  resultats  concernant  le  refroi- 
dissement par  film  utiles  pour  le  de veloppement  des  dispositifs  de  refroidissement 
d ' aube  s . 


LIST  OF  SYMBOLS 

a speed  of  sound 

h heat  transfer  coefficient  of  film  in 

terms  of  (T^^-T^)  ( see  Eq.lO) 

h-  heat  transfer  coefficient  of  film  in 

terms  of  (T  -T  )(see  Eq.2) 

av  V 

h heat  transfer  coefficient  on  vail  with 
no  film  cooling  (Eq.l) 

m coolant  mass  ratio 

M Mach  number 

p pressure 

q heat  transfer  rate 

He  Reynolds  number 

T temperature 

B (y+1)/2(y-1) 

Y ratio  of  specific  heats 

n adiabatic  wall  effectiveness  (Eq.3) 

n isothermal  wall  effectiveness  (Eq.7) 

p density 

0 non-dimensional  coolant  temperature 

parameter  {Eq.5} 


SUBSCRIPTS 

aw  adiabatic  wall 

c coolant 

f film 

is  isentropic 

m mainstream 

o without  cooling  or  total  conditions 

r recovery 

w wall 

~ static  conditions 
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1 . INTRODUCTION 

A number  of  researchers  (Refs  1~U)  are  examining  the  effectiveness  of  various  types 
of  film  cooling  systems  to  cool  turbine  blades  and  components  using  short  duration 
facilities  instead  of  conventional  continuous  vind  tunnels.  The  advantages  of  such 
facilities  include  economic  testing,  simple  and  accurate  measurement  techniq.ue8  and 
accurate  scaling  of  such  important  flov  parameters  as  Mach  number,  Reynolds  number  and 
temperature  field.  This  method  of  testing  involves  straight  forward  and  accurate  measur- 
ement of  isothermal  wall  heat  transfer  but  limitations  exist  in  measuring  the  adiaba- 
tic wall  temperature  more  conventionally  selected  as  the  main  parameter  of  interest  for 
film  cooling  in  the  past  (e.g.  Ref. 3)  and  hence  the  difference  in  interpretation  of  film 
cooling  effectiveness  from  these  new  facilities  has  to  be  considered.  Testing  under 
purely  isothermal  wall  conditions,  however,  is  more  logical  than  adiabatic  wall  conditions 
for  the  application  in  mind  since  the  present  trend  is  for  designers  to  mix  internal 
convection  or  Impingement  cooling  and  film  cooling  to  achieve  a constant  temperature 
blade  and  then  adiabatic  wall  conditions  are  never  achieved.  Metzger  et  al  (Ref. 6)  have 
made  measurements  of  effectiveness  using  isothermal  wall  heat  transfer  data  at  different 
wall  temperatures  and,  after  a discussion  of  this  paper  by  Eckert,  devised  a method 
explained  in  Ref. 7 to  obtain  an  adiabatic  wall  effectiveness,  n,  and  associated  heat 
transfer  coefficient,  hf  (which  differs  in  value  from  the  unblown  heat  transfer  coeffi- 
cient, ho)  from  heat  transfer  data  measured  at  different  wall  temperatures.  This 
operation  was  done  without  directly  measuring  the  adiabatic  wall  temperature.  An  equi- 
valent technique,  but  by  varying  the  coolant  temperature,  was  demonstrated  by  Choe  et 
al  (Ref. 8).  All  of  this  work  was  carried  out  in  incompressible  wind  tunnels. 

This  present  paper  reviews  and  compares  the  different  definitions  of  film  cooling 
effectiveness  derived  from  various  techniques  and  then  describes  the  results  of  exper- 
iments to  determine  the  viability  of  detemining  an  adiabatic  wall  effectiveness  parameter 
and  the  associated  heat  transfer  coefficient  from  heat  transfer  data  obtained  from 
experiments  carried  out  with  different  coolant  temperatures  in  the  same  way  as  Refs  7 
and  8 but  in  the  compressible  flows  generated  in  short  duration  wind  tunnels. 


34-3 


Effectiveness  has  also  been  expressed  in  terms  of  the  ratio  of  heat  transfer  rate 
with  injection  to  that  without  injection  (e.g.  Refs  2,  3,  *t ) as  follows 


The  relationship  of  this  so-called  isothermal  wall  effectiveness  with  the  adiabatic 
wall  effectiveness  n is  found  by  including  Eq.6 


(1  - ne ) 


Only  for  the  case  of  h_  = h (i.e.  the  injection  effectively  causes  no  disturbance 
to  the  flow)  and  T =*T  (?.e.  9=1)  does  the  isothermal  effectiveness  have  the  same 

value  as  the  adiabSfic  wall  effectiveness,  i.e. 


n = n for  h.  = h and  T = T 
q f o rc  w 

n = ne  for  h„  = h and  T T (9) 

q f o rc  w 

n = 1 - h./h  ( 1 - n)  for  T = T and  h.  h 
q f o rc  w f o 


In  order 

to 

avoid  the 

difficulty  of 

dealing 

with  the 

adiabatic  wall  t 

emperature , 
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alternative 

re 

lation  to 

Eq.2  is 

“ h(T  - T 
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( 10) 
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In  this  relation  the 
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the 

behaviour  of 

the  coolant 

temperature  is 

th 

is  newly 

defined  heat  t 

rans  fer 

coefficient  h. 

, Its  effect 

can  be  seen 

by 

combining  Eqs 

U and  10, 

i.e. 

h = 

hj.(  1 - n9) 

(11) 

whi 

ch  equation 

i s 

plotted 

in  Fig.  1 with 

the  heat 

transfer 

coefficients  non 

-dimens iona- 

lised  by  dividing  by  ho. This  relation  was  originally  developed  by  Metzger  et  al  (Ref. 6) 
who  demonstrated  the  linearity  of  the  expression  experimentally  at  different  values  of 
6,  created  by  changing  T . Later  Metzger  et  al  (Ref. 7)  defined  the  curve  from  measur- 
ements of  h at  different  wall  temperatures  and  then  used  the  resulting  relationship  to 
extrapolate  firstly  the  curve  to  9 = 0 to  obtain  h and  then  to  h = 0 to  obtain 
n ” ''^®h=0'  provides  a different  method  to  obtain  these  parameters  than  directly 

measur ing^the  adiabatic  wall  temperature  and  measuring  the  heat  transfer  rate  at  another 
wall  temperature  as  used  by  Liess  (Ref. 5)  for  example.  Choe  et  al  (Ref. 8)  and  Crawford 
et  al  (Ref. 9)  demonstrated  on  the  other  hand  the  linearity  in  h and  9 implied  in  Eq.11 
by  changing  the  coolant  temperature  at  approximately  similar  wall  temperatures.  As  yet, 
it  has  not  been  demonstrated  experimentally  that  the  variations  of  h with  9 using 
separately  a change  in  the  wall  temperature  or  a change  in  coolant  temperature  will 
coincide,  but  the  "superposition"  analysis  by  Choe  et  al  (Ref. 8)  provides  reasonable 
confidence  that  this  will  be  true  for  incompressible  flow  and  small  temperature  differ- 
ences . 

These  latter  authors  chose  to  display  the  film  cooling  data  by  providing  h at  9=0 
and  9=1  (obtained  by  changing  T from  T to  T ) giving  a designer  another  way  to 
obtain  h at  any  value  of  9 usini°the  relSf ionshi p . 

» ■ »>e.o  - - ’’9=1^  '’2) 

This  method  was  chosen  for  its  appropriateness  to  full  coverage  film  cooling  (which  has 
similarities  with  transpiration  cooling  in  which  h is  normally  used  as  the  heat  transfer 
coefficient),  however  for  surfaces  downstream  of  injection  the  same  information  could 
be  used  to  obtain  h (=  h ) and  n (from  n * appropriate  extrapolation  (see 

Fig.1)  and  then  to  use  Eq? 1 1 instead  of  Eq. 12  as“done  by  Metzger  et  al  (Ref. 7). 

From  this  discussion  arising  from  linearity  of  the  temperature  field  implied  by 
Eqs  U and  11,  it  is  seen  that  the  film  effectiveness  cannot  be  defined  just  by  the 
single  parameter  q in  the  same  way  as  n,  but  it  must  be  at  least  supplemented  by  an 
indication  of  the  ^value  of  9 at  which  it  is  obtained.  Following  the  arguments  of  Choe 
et  al  (Ref. 8)  considerably  more  flexibility  can  then  be  given  to  the  designer  by  giving 
him  n (or  q^  or  h)  at  another  value  of  9 enabling  him  to  obtain  q.  at  the  various  values 
of  T '*and  T ^ encountered  during  his  design  iteration.  It  should  be  remarked  also  that 
the  Value  of  n as  obtained  from  direct  measurements  of  adiabatic  wall  temperature  in  a 
steady  state  experiment  is  likely  to  differ  slightly  from  that  by  applying  the  isother- 
mal wall  approach,  since  the  upstream  flow  field  development  will  be  different  in  each 
case . 

The  assumption  of  linearity  of  the  temperature  field  should  be  examined  at  this  stage 
for  the  design  case  in  which  the  total,  wall  and  coolant  temperatures  may  be  at  levels 
of  the  order  of  2000K,  1200K  and  600K  respectively  for  a future  projected  turbine.  The 
fluid  temperature  and  hence  the  gas  density  gradients  are  so  high  as  to  suspect  the 
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inaccuracy  of  an  assumption  concerning  a constant  property  fluid  even  though  the  flow 
Mach  number  may  be  small.  The  conditions  are  also  far  removed  from  the  incompressible 
small  temperature  variation  flows  under  which  the  linearity  of  Eq.11  was  proved  exper- 
imentally. For  example,  the  value  of  6 of  1.75  can  be  obtained  for  the  design  case 
indicated  above  in  which  T /T  “0.3  and  T /T  = 0.6  as  can  be  obtained  in  a typical 
incompressible  or  compressT6le’^”'"f  i Im  heating"  experiment  in  which  T /T  =1.117  and 
T /T  = 1.067.  This  demonstrates  that  apart  from  0,  another  temperafure*^parameter  should 

be  uSSd  to  define  the  conditions  of  the  test  e.g.  T /T 

w rm 

No  experimental  information  is  as  yet  available,  for  the  design  case  of  compressible 
flow  with  large  temperature  differences,  to  determine  the  behaviour  of  h with  0.  The 
achievement  of  linearity  is  not  essential  as  long  as  measurements  are  made  in  the  0 range 
of  interest.  This  range  is  normally  from  1.25  to  1.75  for  aircraft  power  units. 

In  such  a situation  an  assumption  of  linearity  can  be  used  to  approximate  the 
results  to  get  appropriate  values  of  h and  n by  ext r apolat ion . Although  these  values  may 
be  inaccurate  due  to  such  an  extrapolation,  used  together  to  determine  h or  qf  in  the  region 
of  interest, the  original  measurement  accuracy  will  be  realised  in  a design  calculation. 


3.  EXPERIMENTAL  EQUIPMENT 


3. 1  Justification  of  using  short  duration  wind  tunnels 

The  importance  of  performing  experiments  on  film  cooling  of  turbine  components 
at  well  simulated  conditions  has  been  explained  in  Section  2.  However,  the  power  levels 
required  to  achieve  such  conditions  of  high  temperature  at  high  pressure  in  a test  rig 
are  so  large  that  the  cost  of  constructing  and  operating  a continuous  facility  at  high 
power  becomes  prohibitive.  This  point  is  illustrated  by  the  lack  of  publications  avai- 
lable on  testing  at  such  conditions. 

The  main  objective  of  short  duration  wind  tunnels  is  to  reduce  the  total  energy 
invested  in  heating  the  working  fluid  by  orders  of  magnitude  whilst  keeping  the  power 
level  high.  In  such  a facility,  the  component  to  be  tested  is  at  room  temperature.'  This 
imposes  a change  in  the  main  flow  temperature  level.  The  running  time  is  ^ short  that 
the  temperature  variations  of  the  facility,  test  section  and  model  are  very  small  so 
that  cheap  conventional  materials  can  be  used.  Another  great  advantage  is  that  the 
heat  transfer  measurements  are  easy  and  accurate  using  transient  temperature  techniques. 

If  Mach  and  Reynolds  numbers  remain  unchanged,  Nusselt  number  is  identical  for 
operating  and  simulated  conditions  when  the  Prandtl  number  is  unchanged.  Then,  temper- 
atures and  pressures  levels  can  be  scaled  down  by  appropriate  factors  of  proportionality. 
This  point  has  been  analysed  by  Louis  et  al  (Ref. 2). 

Shock  tunnels  have  first  been  adapted  for  subsonic  and  transonic  flows  required  for 
turbine  studies  by  Jones  and  Schultz  (Ref.l).  These  same  workers  (Refs  10,  U ) developed 
a new  type  of  facility  using  a simple  pure  isentropic  compression  cycle  : the  isentropic 
light  piston  tunnel  (ILPT)  or  compression  tube  . This  ILPT  is  fairly  well  adapted  for 
heat  transfer  studies  under  turbine  flow  simulation.  A small  pilot  facility  in  which 
the  present  study  was  made  has  been  constructed  at  VKI  and  s large  version  of  ILPT  with 
a test  section  of  300  x 100mm  is  now  in  operation  for  hot  c*cade  studies. 


3 . 2  The  isentropic  light  piston  cycle 


The  principle  of  operation  of  this 
contained  in  the  tube  is  compressed  and 
driven  by  a gas  entering  the  tube  from  a 
achieves  the  pre-designated  pressure  and 
a diaphragm)  is  opened  allowing  the  t^t 
trie  flows  of  the  gas  entering  the  ti^^ 
through  the  test  section  are  matched,  th 
until  the  piston  reaches  the  end  of  the 
until  the  incoming  gas  flow  is  stopped, 
follow  a steplike  variation  wl^^h  is  mos 
heat  transfer  measurement  technique. 

3.3  VKI  Tunnel  CT- 1 


facility  is  illustrated  in  Fig. 2.  The  test  gas 
heat^  i sent ropi  cally  by  a light  free  piston 
hig^pressure  reservoir.  When  the  test  gas 
jinnee  temperature,  a fast  operating  valve  (or 
^s  to  flow  in  the  test  section.  If  the  volume- 
from  the  reservoir  and  the  gas  leaving  the  tube 
e pressure  and  flow  conditions  remain  constant 
tube.  The  tube  pressure  then  continues  to  rise 
In  the  test  section,  pressure  and  temperature 
t suitable  for  the  application  of  a transient 


The  ILPT  pilot  tunnel  of  VKI  was  fabricated  from  a disused  shock  tube.  The  tube 
has  an  int^nal  diameter  of  102mm  and  is  3.25m  long,  it  was  connected  to  the  main  VKI 
air  suppl^Rli vering  a pressure  up  to  UO  atm  through  a control  valve.  The  various  test 
sections  have  a typical  throat  area  of  1.5  cm^  with  rectangular  or  axisymetric  channels 
and  are  connected  to  a dump  tank  having  a volume  equivalent  to  the  volume  of  the  tube. 

A 60g  nylon  piston  can  move  freely  with  a minimum  of  leaks  inside  of  the  tube.  A fast 
opening  shutter  valve  is  used  to  start  the  flow  in  the  test  section.  This  valve  is  pneu- 
matically operated  and  can  be  fully  opened  in  less  than  U msec. 

Subsonic  operation  can  be  achieved  by  using  a throat  downstream  of  the  test  section. 
The  dump  tank  pressure  is  kept  low  enough  to  keep  the  flow  sonic  through  this  throat 
during  the  test. 


■.f  ' ‘ 
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Before  firing,  the  tube  is  set  to  the  desired  initial  pressure  (either  slightly  pressur- 
ized or  slightly  evacuated).  After  presetting  the  instrumentation,  the  tunnel  is  set 
into  operation  by  opening  quickly  a manually  operated  ball  valve.  The  compression  lasts 
about  1 sec  and  the  test  duration  O.t  sec.  After  a test,  the  system  is  brought  to  room 
pressure,  the  piston  reset  at  the  end  of  the  tube  ready  for  the  next  test.  The  turn” 
round  time  for  operation  can  be  less  than  five  minutes. 

3 . ^ Secondary  gas  supply 

For  film  cooling  experiments,  the  secondary  gas  (air)  is  taken  from  a 501  reservoir 
precharged  at  a pressure  up  to  35  atm  at  room  temperature.  The  temperature  is  adjusted 
to  the  desired  level  as  the  gas  passes  through  a small  regenerative  heat  exchanger  and 
the  mass  flow  controlled  by  a choked  calibrated  orifice  close  to  the  test  section. 

A pneumatically  operated  ball  valve  then  initiates  the  gas  injection  into  the  test 
section  ( Fig . 3 ) . 

The  heat  exchanger  is  made  of  a stack  of  brass  gauze  screen  matrices  in  a 
25  mm  diameter  and  UO  cm  long  steel  tube.  It  has  been  designed  to  heat  or  cool  the 
secondary  gas  at  the  1jia.x2.mum  coolant  mass  flow  rate  with  a temperature  variation  of  less 
than  during  the  test  with  minimum  pressure  losses.  The  heat  exchanger  temperature 
can  be  adjusted  between  -Uo®  and  +120®C  by  a low  pressure  secondary  open  loop  system 
using  an  electrical  heater  or  a cooler  made  of  an  alcohol  bath  whose  temperature  can 
be  decreased  down  to  -70®C  by  addition  of  dry  ice.  After  a few  minutes  of  heating  or 
cooling,  when  the  required  temperature  is  reached,  the  heat  exchanger  is  isolated  from 
the  low  pressure  loop  and  connected  to  the  high  pressure  reservoir  ready  for  a test. 

The  calibrated  orifice  has  been  placed  after  the  heat  exchanger  to  minimise  the 
volume  between  itself  and  the  test  section  : the  coolant  pressure  can  then  adjust  itself 
to  the  mass  flow  pressure  and  can  follow  even  a very  small  pressure  fluctuation  within 
a delay  of  one  or  two  msec  giving  a nearly  constant  mass  flow  rate  into  the  test  section 
during  the  test.  This  is  particularly  important  for  small  injection  rates  when  coolant 
pressure  is  very  close  to  main  flow  static  pressure. 

3 . 5 Instrumentation 


All  the  pressures-  in  the  tube,  the  test  section  and  secondary  gas  supply  - are 
measured  with  Validyne  variable  reluctance  diaphragm  transducers,  the  response  time  of 
these  transducers  being  compatible  with  the  relatively  slow  pressure  variations  during 
the  test. 

Heat  transfer  rates  are  measured,  using  a transient  surface  temperature  technique, 
with  standard  thin  film  platinum  resistance  thermometers,  brush  painted  and  fired  on 
quartz  inserts,  associated  with  appropriately  designed  analogue  circuits  (Bef.ll). 

Main  flow  temperature  was  measured  in  a previous  series  of  test  with  a fine  tungsten 
wire  probe  used  as  an  equilibrium  temperature  probe.  The  temperature  is  assessed  from 
the  change  in  resistivity  of  the  wire  during  the  test  and  this  value  is  corrected  for 
conduction  end  losses  to  the  wire  support  (Ref. 12).  Response  times  of  less  than  1 msec 
are  achieved.  This  rapid  response  time  enabled  subtle  variations  in  temperature  to  be 
easily  detected. 

For  film  cooling  tests,  the  temperature  of  the  secondary  flow  is  measured  at  2 points 
inside  of  the  heat  exchanger,  upstream  of  the  flow  meter  and  in  the  small  settling 
chamber  just  before  the  injection  holes, using  thermocouples  made  with  0.1mm  diameter 
chromel  alumel  wires.  The  response  time  was  found  to  be  of  the  order  of  20  msec.  This 
slow  response  is  due  to  very  low  gas  velocity  at  various  measurement  points.  Coolant 
pressure  is  also  measured  before  the  calibrated  orifice  and  in  the  injection  chamber. 

Oscilloscopes  and  an  u.v,  oscillograph  with  a speed  up  to  256  cm/sec  fitted  with 
galvanometers  with  response  times  up  to  5 kHz  are  used  for  recording  the  signals  from 
the  instrumentation.  Galvanometer  drive  units  were  used  to  vary  easily  the  recording 
system  sensitivity  and  facilitate  the  calibration. 

During  operation,  the  various  events  are  synchronised  by  a trigger  and  delay  unit. 

A first  triggering  pulse  is  set  off  from  the  achievement  of  a "threshold  voltage"  by  the 
processed  signal  from  the  transducer  monitoring  the  tube  pressure.  This  pulse  is  used 
to  activate  the  valve  to  initiate  injection  and  to  start  the  u.v.  recorder  and,  after 
an  adjustable  delay  to  trigger  the  single  trace  of  the  oscilloscopes.  A second  pulse, 
triggered  in  the  same  way  as  the  first,  activates  the  actuator  of  the  fast  operating 
shutter  valve  initiating  the  flow  in  the  test  section.  The  injection  valve  is  closed 
and  the  recorder  is  stopped  automatically  after  a suitable  time  lag  to  encompass  the 
tunnel  running  time. 

3.6  The  model 

The  film  cooled  test  surface  is  one  wall  of  the  13.^  x 15.7  mm  rectangular  test 
channel  of  CT1.  Typically,  downstream  (and  on  the  centre  line  of  the  plate)of  an  injection 
section,  10  thin  film  platinum  resistance  gauges  (with  dimension  of  U mm  span  by  0*5  mm 
chord)  are  positioned  within  a length  of  55  nm . These  gauges  average  the  spanwise  heat 
transfer  rate  distribution  across  3-U  injection  holes.  Only  several  of  the  gauges  were 
selected  for  use  in  this  test  programme.  A two  dimensional  spanwise  slot  facing  upstream 
is  installed  on  the  test  surface  30  mm  upstream  of  the  injection  position  to  act  as  a 
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boundary  layer  bleed.  The  Mach  number  in  the  test  section  is  fixed  at  0.6  by  a sonic 
throat  of  suitable  area  downstream  of  the  instrumented  plate. 

The  geometry  of  the  coolant  injection  was  selected  as  follows  : 


hole  diameter,  d 

0.5 

mm 

spanvise  spacing 

1.0 

mm 

number  of  rows 

2 

spacing  between  rows 

1.5 

mm 

injection  angle 

30® 

injection  channel  length 

U 

mm 

number  of  holes 

25 

The  nominal  conditions 

selected 

for  study  were 

Mach  number 

0.6 

bar  (absolute) 

Pom 

3.0 

Tom 

382 

K (Tis  • ‘*01  K) 

Toe 

267-365K 

Tv 

= 293K 

Be 

2.1tU  10^/m 

A drawing  of  the  test  model 

is  given 

in  Fig.U. 
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It.  EXPERIMENTAL  RESULTS 

The  aim  of  this  part  was  to  prove  that  it  is  possible  to  get  repeatable  and  accurate 
heat  transfer  and  surface  temperature  measurements  for  various  secondary  flow  temperatures 
in  a short  duration  facility  and  that  these  results,  plotted  in  an  h-B  graph  (similar  to 
Fig.l),  can  be  used  to  assess  the  values  of  hf  and  n. 


U . 1 Experimental  difficulties  encountered 

Main  flow  temperature  measurements  indicate  that  this  temperature  is  well  related 
to  the  pressure  variations  but  'p%  below  the  isentropic  temperature  at  the  selected 
measurement  time. 


Preliminary  tests  with  injection  have  shown  that  the  secondary  flow  temperature  was 
not  constant  during  the  test  as  illustrated  by  the  relevant  trace  for  the  case  of 
coolant  at  ambient  temperature  in  Fig. 5.  Injection  is  initiated  about  100  msec  before 
the  test  to  be  sure  that  the  air  initially  between  the  heat  exchanger  and  the  test  section 
is  blown  out  when  the  main  flow  starts.  As  the  coolant  mass  flow  is  kept  constant  by 
the  choked  orifice,  the  pressure  in  the  injection  settling  chamber  (again  illustrated 
in  Pig. 5)  increases  to  its  stable  condition  for  the  particular  pre-test  pressure  in  the 
test  section.  This  compression  is  associated  with  a temperature  rise  of  the  order  of  20°C. 
When  the  main  flow  starts,  the  settling  chamber  pressure  suddenly  rises  to  its  nominal 
value  controlled  by  the  test  section  pressure  causing  a second  increase  of  pressure  and 
hence  of  temperature  of  the  secondary  gas.  These  "hot"  gases  appear  to  be  evacuated 
after  20  to  30  msec  for  all  coolant  temperatures  tested.  To  avoid  taking  measurements 
in  these  unstable  periods,  it  was  decided  to  measure  heat  transfer  and  wall  temperature 
32  msec  after  the  beginning  of  the  test.  This  time  was  also  selected  because  the  main 
flow  pressure  at  that  time  is  then  equal  to  its  mean  value  ( nominal )( Fig . 5 ) . On  the 
typical  record  presented  in  Fig. 5,  the  coolant  temperature  variations  (Ti)  are  smoothed 
because  of  the  relatively  poor  response  time  of  the  thermocouple.  The  preliminary  tests 
also  indicate  that  the  flow  conditions  upstream  of  the  calibrated  orifices  were  nearly 
constant  during  the  test  (about  0.0^%  change  in  pressure  and  less  than  1J(  change  in 
temperature).  Furthermore,  the  pressure  losses  through  the  heat  exchanger  and  valve  were 
found  to  be  negligable.  In  later  tests  pressure  was  then  set  to  the  required  level  in 
the  H.P.  reservoir  and  was  measured  only  before  the  test.  The  time  dependent  temperature 
however,  was  measured  at  the  same  time  as  other  parameters  in  all  tests  as  illustrated 
in  Fig. 5. 

U.2  Data  reduction 


The  secondary  mass  flow  was  calculated  from  the  area  of  the  calibrated  orifice,  A 
and  the  upstream  flow  conditions  by  the  simple  formula 


B x p 


* A 


where  the  density  p . and  speed  of  sound  a . are  defined  from  the  measurements  of  P . 
and  Tpi*  The  mass  fSux  ratio  was  then  obtained  from  this  mass  flow,  the  main  flow 
static  conditions  and  the  injection  cross  sectional  area  Aj  from  : 


P V 
"C  c 


*i 


P V 
«m  R 


The  wall  temperature  Ty  was  obtained  from  the  electrical  resistance  variations  of  the 
gauge  and  heat  transfer  q from  the  output  of  the  analogue  circuits  by  an  appropriate 
calibration  of  the  analogue,  the  measured  temperature  coefficient  of  resistance  of  the 
gauge  and  the  thermal  properties  of  the  quartz  on  which  the  gauge  is  painted. 


-sr.ir 
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Heat  transfer  coefficient  is  then  simply  defined  hy  h • q/from  ~ with  and 
without  film  cooling- 

The  results  were  presented  as  the  ratio  of  the  measured  heat  transfer  coefficients 
with  and  without  injection,  h/ho-  This  presentation  of  the  results  eliminates  the  possible 
small  systematic  error  on  q that  may  not  be  fully  eliminated  by  calibration. 

U . 3 Results 

The  results  of  the  measurements  of  h/ho  first  plotted  against  the  mass  velocity 

ratio  m for  a given  injection  temperature  and  the  various  positions  selected.  An  example 
is  given  in  Fig. 6.  Such  a graph  allows  a rapid  preliminary  check  of  the  results  and  it 
used  to  smooth  the  curves  and  to  interpolate  h/ho  desired  value  of  m.  The  parameter 

0 is  calculated,  for  each  point,  from  the  measured  values  of  Tv,  Tj  and  the  main  flow 
temperature  assessed  from  the  isentropic  temperature  Tois-  As  carried  out  for  h/ho,  ® is 
interpolated  to  the  selected  m when  necessary.  Finally,  the  values  of  h/ho  obtained 
by  this  way  for  a given  mass  velocity  ratio  and  various  secondary  flow  temperatures  are 
plotted  against  6. 

The  tests  already  performed  with  this  technique  for  four  injection  temperatures 
give  fairly  good  results  even  for  "lift-off"  conditions  as  illustrated  in  Fig. 7.  The 
straight  lines  drawn  through  the  experimental  points  are  extrapolated  to  the  0 “ 0 and 
h/ho  ~ axes  giving  the  values  of  respectively  hf/ho  and  0 = l/nad-  trend  observed 

seems  to  be  normal  i.e.  n^d  decreases  with  the  distance  and”increaaes  with  the  mass 
velocity  ratio,  and,  close  to  injection  holes  (x/d  » 7)  l^ho  increase  with  m.  Complete 
results  of  t^ho  and  nad('/®o)  obtained  by  this  method  for  x/d  = 7 are  plotted  against 
m in  Fig. 8.  The  effectiveness  1/0o  increases  continuously  with  m up  to  83?  for  m « 0.9 
and  is  nearly  constant  for  m > 1.0,  indicating  that  the  lift  off  occurs  for  m = 0.9. 

This  lift  off  condition  is  al'-O  marked  by  a rapid  and  continuous  increase  of  hf/ho  for 
m > 1.  A similar  trend  was  observed  by  Eriksen  and  Goldstein  (Ref. 12)  but  for  nearly 
incompressible  flow  conditions. 

These  few  results  show  that  this  method,  is  capable  of  providing  useful  measurements 
of  film  cooling  effectiveness  and  heat  transfer  coefficient  to  the  designer.  The  sub- 
stantial difficulty  of  altering  the  coolant  temperature  is  offset  by  the  broadened 
utility  of  the  data. 


5.  COHCLUSIOMS 

A short  duration  facility  has  been  used  to  provide  an  assessment  of  adiabatic  wall 
effectiveness  of  a film  cooling  system  with  the  associated  heat  transfer  coefficient 
instead  of  simple  isothermal  film  cooling  effectiveness  as  usual  in  short  duration 
testing.  These  results  were  obtained  by  operating  the  experiments  under  different  coolant 
temperature  conditions.  The  reliability  and  repeatability  of  heat  transfer  and  temperature 
measurement  is  found  to  be  good  and  the  hypothesis  of  a linear  relationship  between  a 
heat  transfer  coefficient  h and  a non-dimensional  coolant  temperature  0,  leading  to  the 
evaluation  of  adiabatic  film  effectiveness  and  classical  heat  transfer  coefficient  is 
proved  experimentally.  The  modification  of  the  coolant  temperature,  introduced  complications 
to  the  normal  simple  techniques  associated  with  short  duration  testing,  but  the  extra 
effort  enhanced  substantially  the  value  of  these  measurements  taken  under  well  simulated 
gas  turbine  flow  conditions. 
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FIG.  1 VARIATION  OF  HEAT  TRANSFER  COEFFICIENT , h 

WITH  THE  COOLANT  TEMPERATURE  PARAMETER, & 
FOR  GIVEN  EXTERNAL  FLOW  CONDITION,  x , m AND 
HOLE  GEOMETRY. 


FIG  2 SCHEMATIC  AND  OPERATING  CYCLE  OF  ISENTROPIC 
LIGHT  PISTON  TUNNEL 
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FIG.  3 SECONDARY  GAS  AIR  SUPPLY 
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DISCUSSION 


E.E.Covert,  US 

Dr  Richards  is  to  be  congratulated  for  his  exceptionally  clear  description  of  a complicated  phenomena.  Further, 
his  experimental  procedure  (as  well  as  those  of  Louis,  Schultz,  and  of  Martin  that  were  reported  in  the  morning 
session)  is  so  arranged  that  it  has  an  additional  advantage.  It  is  in  the  well  defined  temperatures.  So  gas  and  wall 
material  properties  are  known  accurately.  This  enhances  the  usefulness  of  their  data.  The  use  of  the  local 
isothermal  approximation  contains  an  implicit  assumption  that  must  be  kept  in  mind.  It  is  assumed  the  variation 
in  the  difference  between  the  adiabatic  wall  temperature  and  the  wall  temperature  along  the  length  of  the  model  is 
small  compared  to  the  minimum  value  of  this  difference,  i.e. 


dx 

(Taw  ~ 


« 1 . 


When  this  inequality  is  not  satisfied,  the  value  of  “h”  may  not  be  unique  or  accurate. 

Author’s  Reply 

I agree  with  Prof.  Covert  on  the  last  point.  This  condition  is  indeed  satisfied  using  the  short  duration  techniques 
outlined. 


C.F.FrankUn,  UK 

The  wall  temperature  upstream  of  a row  of  film  cooling  holes  is  often  higher  than  that  downstream  of  the  holes.  In 
addition  there  may  be  a wall  temperature  distribution  downstream  of  the  holes;  the  temperature  increasing  with 
increasing  distance.  This  means  that  there  is  heat  flow  towards  the  holes  and  this  can  lead  to  the  condition  where 
heat  flows  from  the  blade  outwards  into  the  film. 

Do  you  think  the  heat  transfer  coefficient  ratio  (h/ho)  that  you  have  shown  can  be  used  in  this  situation? 

Author’s  Reply 

The  work  described  in  the  paper  relates  more  to  aero  engines,  the  blades  of  which  will  be  designed  (through  appro- 
priate choice  of  both  an  internal  convective  cooling  system  and  external  film  cooling)  to  have  small  changes  in  wall 
temperature  to  combat  structural  problems.  The  situation  referred  to  by  Mr  Franklin  refers  to  a situation  more  likely 
to  occur  in  the  power  turbines  of  interest  to  Mr  Franklin.  Care  should  be  taken  in  using  the  isothermal  data  from 
such  short  duration  tunnels.  However,  similar  care  should  be  taken  when  using  data  taken  under  adiabatic  wall 
conditions  for  the  reasons  explained  in  the  paper.  The  situation  of  heat  transfer  from  the  upstream  wall  to  the 
coolant  referred  to  by  Mr  Franklin  deserves  some  attention. 
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LOCAL  FLAME  TEMPERATURE  MEASUREMENTS 
BY  RADIATIVE  METHODS 

by 

U.Ghezzit  G.Zizak°A.Coghe°F.Cignoli°and  S.Benecchi° 

Istituto  di  Macchine.Politecnico;  p. Leonardo  da  Vinci, 32. Milano. Italy. 
CNPM“Politecnico;via  F,Baracca,69.Peschiera  Bor romeo, Milano.  Italy. 


SUMMARY 

The  aim  of  this  work  is  to  analise  the  reliability  of  local  flame  temperature  measurements  by  means 
of  atomic  fluorescence  spectrometry. Conventional  radiative  methods  give  a measure  averaged  over  the  optical 
path  through  the  gas.  Whenever  the  probe  volume  is  not  homogeneous,  different  layers,  each  having  an  indi** 
vidual  temperature  and  thickness,  contribute  to  the  measure .Results, obtained  up  to  now,  using  an  electronic 
signal  processing  system  based  on  photon  counting,  are  reported  in  this  paper.  They  indicate  that  it  is 
possible  to  obtain  satisfactory  space  resolution  and  good  reliability. 


1.  INTRODUCTION 

In  high-temperature  combustion  flows  only  thermocouples  and  spectroscopic  means  are  available,  at 
present,  for  measuring  gas  temperature  distributions.  Thermocouples  are  easy  to  use  and  allow  local  measu- 
rements, but  cannot  be  used  in  flames  above  2000  K and  need  corrections  for  radiative  and  conductive  losses 
that  are  difficult  to  be  evaluated. Spectroscopic  methods  such  as  line-rever8al(Ref .1)  and  two-line  atomic 
emission  (Ref. 2)  are  non  perturbing, but  result  in  line  of  sight  averaging  and,  whenever  the  temperature 
profile  is  highly  non-uniform,  different  layers,  each  having  an  individual  temperature  and  thickness,  con- 
tribute to  the  measure.  Numerical  procedures  have  been  developed  (Ref. 3, 4 and  5)  through  it  is  possible  to 
apply  Abel's  inversion  formula  in  the  case  of  non  homogeneous  flames,  if  the  simmetry  is  known. The  radial 
temperature  distribution  can  be  calculated  by  recursive  methods  from  the  projected  emission  and  absorption 
profiles.  Unfortunately,  numerical  results  obtained  by  this  methods  necessarily  suffer  from  the  fact  that 
noise  on  the  experimental  data  is  amplified. 

Local  temperature  profiles  are  desirable  to  have  a better  understanding  of  combustion  processes.  Re- 
cently, new  non-intrusive  techniques  have  been  developed,  generally  based  on  elastic  or  anelasuic  scattering 
of  laser  radiation:  Rayleigh  and  Raman  scattering  (Ref .6, 7 and  8).  The  spectral  stru-cture  of  Rayleigh 
scattered  laser  light  exhibits  simple  Doppler  broadening  produced  by  molecular  and  atomic  translational 
mouvements.  The  anelastic  Raman  scattering  gives  information  on  vibrational  and  rotational  temperatures, but 
rotational  Raman  scattering  do  not  appear  promising  for  high-temperature  combustion  measurements. Unfortuna- 
tely, Rayleigh  and  Raman  scattering  require  high  spectral  resolution  and  sensitivity  with  concomitant 
expense  and  delicacy. 

Another  interesting  method,  based  on  atomic  fluorescence  spectrometry,  has  been  proposed,  which  can 
lead  to  direct  local  temperature  measurements.  The  temperature  dependence  of  selected  fluorescence  transi- 
tions has  been  theoretically  defined  by  Alkemade  (Ref. 9),  assuming  that  a thermodynamic  equilibrium  is 
reached  in  the  flame,  so  that  a Boltzmann  population  distribution  can  be  assumed.  Experimentally,  it  has 
been  demonstrated  (Ref. 10, 11  and  12)  that  atomic  fluorescence  spectrometry  can  provide  several  possible 
ways  for  determining  the  electronic  excitation  temperature  of  flames  in  the  range  700  to  3000  K.  Moreover, 
taking  into  account  the  isotropy  of  fluorescence  radiation,  local  measurements  can  be  obtained  if  fluore- 
scence measurements  are  made  with  the  exciting  source  and  the  detector  placed,  for  example,  at  an  angle  of 
90*. 


2.  ATOMIC  FLUORESCENCE  METHOD 


With  the  introduction  of  convenient  metal  atoms  into  a flame,  in  the  presence  of  a radiation  field, 
fluorescence  emission  can  be  detected.  For  a continuum  source  or  a broad  line  source  of  excitation  and  for 
low  atomic  concentrations  of  the  seeding  atoms,  assuming  that  thermodynamic  equilibrium  exists,  fluorescen- 
ce signal  is  given  by: 

(1)  B = /n  Ej^Y  ^ 


where : B 

Ea 

n 

SI 

r 
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-1  -2  -I 

radiancy  (erg  s cm  Sr  ) , 

spectral  Irradiance  of  continuum  source  at  wavelength  X (erg  s cm  ^nm  ) , 
number  density  of  metal  atoms  in  the  low  absorption  level, 
solid  angle  of  observation, 

coefficient  related  to  system  geometry  and  containing  also  some  atomic  constants, 
quantum  efficiency. 


At  equilibrium,  atomic  population,  n,  of  the  low  absorption  level  is  related  to  that  of  the  ground 
level  by  the  Boltzmann  equation: 


(2)  " ■ "o  ^E^Eo^  -(E-E^)/kT) 

where:  g and  g are  the  statistical  weights  of  the  levels, 
o 

Relations  (1)  and  (2)  give  the  temperature  dependence  of  fluorescence  radiation,  but  some  parameters 
are  not  known  exactly.  Therefore  it  is  more  convenient  to  use  the  ratio  of  two  fluorescence  lines,  Stokes 
and  anti-Stokes: 
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^11  Ex  10 

where:  - Ej-  Eg,  excitation  energy  of  the  first  level  (erg) 

^20’  ^21  spectral  irradiances  of  fluorescence  emitted  lines  at  Xjo.  ^ji  (erg  s"i  cm“^  nm"!), 

Ei2,  Eo2  spectral  irradiances  of  exicitation  source  at  X|j  and  Xoi  (erg  a“l  cm"2  nm“l) , 

k Boltzmann  constant  (erg  K~i) , 

Tj  flame  temperature  (K) 


The  equation  (3)  can  be  resolved  for  the  flame  temperature: 


(A) 


The  measured  spectral  irradiances  ratios  of  fluorescence  and  excitation  source  have  to  be  corrected  for 
the  spectral  response  of  the  measuring  system.  For  practical  applications,  equation  (4)  can  be  rewrite: 

where  the  term  includes  the  instrumental  correction  factor. 

With  the  introduction  into  the  flame  of  metal  atoms  (for  example^  gallium,  indium  or  thallium)  a sim*’ 
pie  procedure  for  calculating  flame  temperatures  can  be  applied  if  the  spectral  irradiance  ratio  of  the  ex- 
citation source  is  known  and  the  ratio  of  direct  line  Stokes  to  anti-Stokes  fluorescence  is  measured.  Direct 
line  fluorescence  consists  of  excitation  of  an  atom  to  a certain  energy  level,  2,  and  radiational  deactiva- 
tion to  a metastable  level,  1,  above  the  ground  state,  0.  (See  Fig.  2).  Lifetime  of  a metastable  state  is 
much  longer  than  that  of  a normal  excited  state  transition  0 1 is  radiatively  forbidden. 

In  thallium,  indium  and  gallium,  metastable  states  P3/2  reached  by  radiational  deactivation  of 

the  excited  levels  Direct  line  fluorescence  can  be,  for  example,  observed  with  thallium  at  535.0  nm 

after  excitation  by  37/.6  nm.  Viceversa,  anti-Stokes  line  can  be  observed  at  377.6  nm,  after  excitation  by 
535.0  nm.  The  choice  of  thallium  as  seeding  metal  in  flames  is  a compromise  between  sensitivity  and  accura- 
cy requirements.  (Ref.  12).  Moreover,  practical  difficulties  in  the  calibration  of  the  measuring  system  are 
lowered  in  the  range  in  %diich  fluorescence  transitions  od  thallium  occur  (Ref.  11). 

The  main  problems  are  related  to  signal  to  noise  ratio  (S/N),  because  fluorescence  signal  is  generally 
too  low  in  comparison  with  thermal  emission  at  the  same  spectral  line.  It  is  necessary  to  improve  the  S/N 
of  fluorescence  signal  in  order  to  lower  the  probe  volume  and  to  increase  spatial  resolution.  From  relation 
(1)  it  is  clear  that  better  fluorescence  signal  can  be  obtained  only  by  increasing  the  spectral  irradiance 
of  the  source,  because  the  density  of  metal  atoms. is  limited  by  auto-absorption  effects.  High  power  lasers, 
as  exciting  sources,  have  been  used  (Ref.  13),  but  in  this  way  the  Boltzmann  equilibrium  is  perturbed  and  the 
time  variation  of  atomic  population  out  of  equilibrium  is  not  completely  known. 

A different  approach  of  the  problem  was  used  in  the  work  reported  in  this  paper.  With  low  power  exci- 
ting source,  we  applied  a photon  counting  technique  to  detection  of  fluorescence  signal,  instead  of  conventio- 
nal lock-in  amplifiers. 


3.  PHOTON  COUNTING 

This  electronic  signal  processing  system  involves  the  digital  measurements  of  the  current  pulses  resul- 
ting at  the  anode  of  a photomultiplier  caused  by  photon  impact  at  the  photocathode. 

Provided  that  the  rate  of  photo-electron  emission  and  the  frequency  response  of  the  electronic  system 
are  such  that  individual  current  pulses  are  resolved,  then  a direct  digital  analysis  of  the  radiation  inten- 
sity is  performed.  Photon  counting  is  best  suited  to  the  measurements  of  low  levels  of  radiation  and  hence 
its  application  in  fluorescence  spectrometry  is  obvious,  although  it  has  not  previously  been  described  for 
temperature  iseasurements  porpuses. 

Further  advantage  of  photon  counting  is  the  ability  to  increase  the  S/N  by  increasing  count  periods.  In 
fact,  if  Ng  is  the  signal  count  rate,  N^  the  back-ground  count  rate  and *C  the  count  period,  then  (Ref.  14)  . 

i|z  1/2. 

(6)  SM  « Nj  t 

It  was  assumed  that: 

a)  the  flame  gives  rise  to  emission  of  photons  which  are  randomly  distributed,  i.e.  Poisson  distributed, 

b)  the  background  count  rate  is  measured  separately  from  the  total  count  Ny. 

The  precision  of  measureiaenCs  is  the  inverse  of  the  S/N,  espressed  as  a percentage. 

In  fluorescence  spectrometry,  the  ratio  R - Ng/Nj  is  defined  by  experimental  conditions  (source  power, 
metal  atom  concentration,  optical  geometry)  and  flame  properties  (quantum  efficiency).  We  can  rewrite  rela- 
tion (6): 

S/N=  KCN^xf/UK^IMK+i)]’^^ 


(7) 
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where:  Nt  ■ N.+N,. 

j 

Hence,  as  K » const.,  it  will  be  possible  to  improve  the  S/N  by  increasing  (NtT)^;  lower  count  pe- 
riods could  be  used  with  higher  count  rat^s.  In  our  experimental  situation,  as  it  will  be  shown  in  the 
next  paragraph,  K ranges  from  10“^  to  10  ; therefore,  the  relation  (7)  reduces: 

(8)  (S/N)  - (NtX 

For  example,  if  K = 10  we  need  (NT)  “ 10^  to  have  (S/N)  - 10  (See  Fig. 3). 

High  count  rate  quickly  results  in  pulse  pile-up  problems  (two  or  more  unresolved  pulses),  but  this 
is  not  a limitation  if  the  amplifier  and  the  pulse-height  discriminator  have  adequate  frequency  response. 
Moreover,  the  frequency  meter  should  have  good  frequency  response  and  a sufficiently  large  register  to  cope 
with  the  large  numbers  involved  in  photon  counting  with  relatively  high  background. 


4.  EXPERIMENTAL  SET-UP 

Two  premixed  laminar  flames  (Ar/02/C2H2)  were  investigated,  produced  by  a burner  with  a multi-hole 
circular  head  (20  ram  top  diameter,  60  holes  f mm  diameter)  or  with  a two-slots  head  (.5  ; 30  mm). The  flames 
were  not  shielded  to  have  temperature  gradients.  The  burner  system  was  mounted  on  a movable  carriage  allo- 
wing radial  and  vertical  movements  of  the  flame.  The  adjusteraent  reproducibility  was  .10  ram  in  the  verti- 
cal and  .25  mm  in  the  radial  direction. 

The  seeding  of  metal  atoms  was  obtained  by  pneumatic  atomization  of  a water  solution  in  a glass  right- 
angle  atomizer.  In  order  to  avoid  self-absorption  effects,  under  the  present  experimental  conditions,  the 
concentration  of  250  //  g of  thallium  per  ml  was  chosen  for  the  solution  nebulized  into  the  flame. 

The  optical  system  for  fluorescence  measurements  is  shown  in  Fig.it  and  was  arranged  in  order  to  have 
good  spatial  resolution  (about  1 nzo  ) , high  exciting  radiation  power  density  in  the  probe  volume  and  large 
receiving  aperture  to  collect  fluorescence  radiation.  For  this  purpose  the  exciting  spectral  lamp  (OSRAM 
thallium  metal  vapour  discharge)  was  imaged  in  the  flame  by  a two  quartz  lenses  system  with  magnification 
factor  equal  .1,  and  fluorescence  emission  lines  were  observed  at  90®  by  a 300  ram  Monochromator  (HILGER- 
WATTS  D 330).  The  probe  volume  was  defined  by  the  magnification  of  the  receiving  lens  and  the  entrance 
slit  dimensions.  Since  the  receiving  lens  produced  a double  magnified  image  of  the  flame  on  the  slit,  and 
slit  width  was  1 mn  and  slit  height  was  2 mm,  the  probe  volume  dimensions  resulted  .5x1x1  mm'^. 

A tungsten  ribbon  lamp  with  a DC  power  supply  (H.P.  type  6428  B)  was  mounted  on  axis  for  sodium  D-line 
reversal  measurements.  The  same  lamp  (calibrated  by  Metrological  Institute  "G.Colonnetti" , Torino . Italy)was 
used  for  the  calibration  of  the  spectral  response  of  the  measuring  system. 

A block  diagrann  of  the  electronic  set-up  is  reported  in  Fig, 5 It  is  a background  subtraction  system 
based  on  an  up-down  counter  (LABEN  model  6318,  4 MHz,  8 digit  display).  The  exciting  radiation  is  chopped 
on  and  off  by  a chopper  unit,  so  that  the  photomultiplier  alternately  sees  background  and  fluorescence  si- 
gnal ♦ background.  In  order  to  do  the  synchronous  sampling  a reference  signal,  derived  from  the  chopper  too- 
dulator,  is  sent  to  the  sampling  control  unit  which  gates  the  up-down  counter  so  that  it  counts  up  when  the 
chopper  is  on  and  counts  down  when  the  chopper  is  off.  Errors  due  to  unequal  or  jittering  chopping  edges 
are  avoided  by  selecting  suitable  duty  factor.  In  our  case,  we  counted  for  8 ms  during  each  11  ms  chopper 
window,  with  1 ms  delay  time.  The  sampling  time  for  measuring  signal  + background  and  the  background  only 
differ  by  less  than  one  microsecond.  The  total  measuring  period  is  set  by  a presettable  timer.  In  order  to 
avoid  beating  effects  between  the  chopper  frequency  (about  100  Hz)  and  the  AC  power  supply  of  the  thallium 
discharge  lamp,  we  made  a high  frequency  (10  kHz)  power  supply  (^  15  V,  1 A) . 

8 

Light  signal  was  detected  by  a high  gain  (G  = 10  ) , fast  response  photomultiplier  (PHILIPS  56  TVP,S20 
spectral  response),  powered  by  a stabilised  high  voltage  power  supply  (J.PLUKE  415  B) . Single  photon  arrival 
produces  a current  pulse  that,  after  suitable  amplification,  is  sent  to  a discriminator-pulse  shaper(LABEN 
model  FT  130)  having  thresholds  continuously  adjustable  between  100  mV  and  600  mV.  The  photomultiplier  was 
held  in  water  cooled  housing  and  maintained  at  a temperature  close  to  15  *C.  The  dark  noise  was  typically 
about  13  counts/ms.  Better  dark  noise  conditions  could  be  obtained  by  cooling  at  lower  temperatures,  but  in 
this  application  this  is  not  strictly  necessary,  because  of  the  high  background  signal  (about  10^  counts/ms). 
The  best  operational  conditions  were  achieved  with  the  output  from  the  discriminator  in  the  form  of  logic 
pulses  100  ns  wide, and  the  dead  time  for  the  entire  system  was  100  ns. 

Line  reversal  temperature  measurements  were  performed  by  using  the  same  photomultiplier  in  analog  mode 
of  operation  by  direct  connection  of  the  output  to  a strip-chart  recorder  (YOKOGAWA  F type  3052). 


5.  EXPERIMENTAL  RESULTS 


From  equation  (5)  the  error  in  the  flame  temperature  evaluated  by  fluorescence  method  depends  upon 
the  errors  in  the  measurements  of  fluoros* ence  ^miissions.  In  fact,  ve  can  write: 


The  error  in  the  spectral  irradiance  ratio  and  instrumental  factor  can  be  minimized  (about  2Z)  by  cor- 
rect instrumental  calibration  and  was  checked  by  a comparison  of  fluorescence  temperature  and  line  reversal 
temperature  on  a flame  shielded-f lame , in  order  to  avoid  temperature  gradients.  The  fundamental  limit  on 
measurement  accuracy  of  the  flamt  t temperature  arises  from  the  random  fluctuations  in  fluorescence  irradiance 
If  the  only  significant  source  of  rror  is  photon  statistics,  then  the  S/N  is  given  by  equation  (8)  and  de- 
pends on  the  ratio  K • N /N.  and  the  total  count  number.  In  practice,  other  sources  of  error  can  be  signi- 
s d 

ficant;  ho%iever,  with  care,  the  performance  predicted  by  equation  (8)  can  be  approached  closely. 

As  K • const,  for  any  f 1** irescence  line,  and  the  maximum  count  rate  is  limited  by  frequency  characte- 
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ristics  of  the  electronic  system,  the  S/N  increases  with  the  square  root  of  the  total  count  period. 

Under  the  present  experimental  conditions,  we  used  T ■ 330  s in  the  measurement  of  fluorescence 
Stokes  line  irr^diance  (K  ■ 10”^)  and  X “ 990  s in  the  measurement  of  fluorescence  anti-Stokes  line  irra- 
diance  (K  « 10^  ).  In  this  way  the  S/N  was  typically  about  ten  for  both  fluorescence  measurements  (Stokes 
and  anti-Stokes)  with  a resulting  4%  error  in  flame  temperature  evaluation.  Measurement  accuracy  was  better 
in  the  inner  region  of  the  flame,  because  of  the  higher  fluorescence  emission.  Near  the  fringe  of  the  fla- 
me, lower  fluorescence  emission  resulted  in  reduced  total  count  and,  hence,  in  reduced  accuracy.  A set  of 
five  to  ten  different  measurements  vrere  performed  at  any  position  and  for  both  fluorescence  lines.  The  two 
mean  values  were  used  for  temperature  evaluation.  In  this  way  the  random  error  resulted  negligible,  and 
the  significant  source  of  error  was  photon  statistics. 

Line  reversal  temperature  measurements  were  performed  with  better  accuracy  (about  2%)  because  of  the 
higher  sodium  D-line  emission  intensity  and  related  S/N. 

Experimental  results  are  reported  in  Figs. 6 to  8,  in  which  the  intensity  profiles  of  the  fluorescence 
lines  and  the  corresponding  temperature  values  are  shown.  In  addition,  for  comparison,  are  reported  tempe- 
rature profiles  obtained  by  sodium  D-line  reversal  and,  for  the  circular  burner  case,  temperature  profiles 
evaluated  by  the  Abel  inversion  procedure  from  emission  and  absorption  measurements  of  sodium  D-line(Ref.  5). 

Fig. 6 refers  to  measurements  made  on  a flame  (Ar/02/C2H2;  gas  flow  rates  6/1/, 5 1/m)  produced  by  a 
circular  burner,  20  mm  above  the  burner  head.  The  sensible  difference  in  temperature  profiles  obtained  by 
fluorescence  and  line  reversal  methods  can  be  explained  by  the  integral  nature  of  the  line  reversal  method 
and  the  large  temperature  gradients  near  the  outer  regions  of  the  flame.  On  the  contrary,  the  temperature 
profile,  evaluated  by  Abel  inversion  procedure,  shows  a sensible  agreement  with  fluorescence  measurements. 

The  differences  in  the  outer  part  of  the  flame  could  be  a result  of  the  imperfect  reproducibility  of  the 

burner  position,  or  of  the  poor  S/N,  because  of  the  reduced  fluorescence  Irradiance. 

The  fluorescence  intensity  and  temperature  profiles  of  Fig, 7 refers  to  the  same  circular  burner,  but 
with  a fuel-richer  Ar/02/C2H2  flame  (gas  flow  rates  6/1/, 6 1/m). Even  in  this  case,  the  temperature  profile 
obtained  by  fluorescence  methods  differs  from  that  of  the  line  reversal  methods,  but  is  very  close  to  the 
profile  evaluated  by  Abel  inversion.  Moreover,  in  the  outer  part  of  the  flame,  it  should  be  noted  a little 

increase  in  temperature,  that  can  be  explained  by  the  entrainment  of  external  air  and  the  formation  of  a 

diffusion  flame  front.  The  temperature  profile  obtained  by  the  integrated  line  reversal  method  cannot  show 
this  effect  directly,  but  presents  a lower  decrease  than  in  Fig. 6. 

Results  reported  in  Fig. 8 were  obtained  by  means  of  the  t%»-slot8  burner.  They  refer  to  transversal 
profiles  of  fluorescence  intensity  and  temperature  for  a Ar/02/C2H2  flame  with  the  same  gas  flow  rates  of 
that  of  Fig. 7.  Sodium  D-line  reversal  measurements  were  obtained  with  the  two  slots  parallel  to  the  line 
of  sight  (Y  direction).  Fluorescence  measurements  were  obtained  by  illuminating  the  flame  in  the  X dire- 
ction and  observing  it  along  the  Y direction.  It  should  be  noted  that,  in  this  case,  the  Abel  inversion 
procedure  cannot  be*applied  because  of  the  absence  of  symmetry  in  the  flame  geometry.  The  temperature  va- 
lues in  the  inner  region  of  the  flame,  measured  by  fluorescence  method,  are  very  close  to  those  observed 
in  the  circular  burner.  Moreover,  the  temperature  profile  obtained  by  fluorescence  technique  presents  an 
increase  near  the  outer  part  of  the  flaH^^L^^  the  case  of  the  Fig. 7.  The  difference  between  the  "local" 
and  the  integrated  temperature  measurement^^fl^d  be  explained  by  the  fact  that  longitudinal  temperature 
profile  exibits  a large  temperature  decrease  near  tW^ater  part  of  the  flame.  As  a consequence,  the  line 
reversal  method  measure  a lower  average  temperature.  In  fact,  an  experimental  confirmation  was  found  by 
measuring  the  line  reversal  temperature  along  the  transversal  direction,  at  Y * 0.  The  result,  reported  in 
the  same  Fig. 8,  is  very  close  to  fluorescence  temperature  and  is  higher  tULn  the  longitudinal  result,  at 
X - 0. 


6.  CONCLUSIVE  REMARKS 

The  results  reported  in  the  present  paper  show  that  it  Is  possible  to  obtain  local  flame  tempera- 
ture by  means  of  fluorescence  spectrometry,  at  least  under  laboratory  flame  conditions  and  long  term  sta- 
bility. The  reliability  of  this  technique  was  proved  and  its  good  spatial  resolution  allowed  significant 
measurements  in  flame  regions  with  non-uniform  temperature  distribution. 

The  usefulness  of  the  photon  counting  technique  is  demonstrated  by  the  satisfactory  S/N  values  obtai- 
ned in  conjunction  with  a low  power  excitation  source  and  good  spatial  resolution.  It  should  be  noted  that 
with  higher  powers  of  the  excitation  source  the  Boltzmann  equilibrium  could  be  perturbed  and  the  time  vari~ 
ation  of  atomic  population  out  of  equilibrium  is  not  completely  known.  High  power  lasers,  as  exciting  sour- 
ces, have  been  used,  but  it  seems  that  reliable  results  can  be  obtained  only  in  saturation  conditions. 

The  minimum  temperature  that  can  be  measured  by  fluorescence  technique  depends  on  the  intensity  of 
anti-Stokes  spectral  line  and  hence  from  atomic  population  of  the  level  1,  Indium  (Vj^*  .274  eV)  could  be 
used  for  low  flame  temperature  from  700  K.  With  thallium  (V^^*  ,966  ej)  the  flame  temperature  in  the  range 
1500  to  3000  K can  be  measured, 

Fluorescence  measurements  can  be  very  sensitive,  but  can  suffer  from  the  influence  of  quenching  by 
the  surrounding  gases.  Moreover,  the  accuracy  of  the  method  can  be  greatly  reduced  if  self-absorption  of 
fluorescence  emission  or  absorption  of  the  light  from  the  excitation  source  are  not  negligible.  In  fact, 
absorption  effects  could  be  different  for  the  two  spectral  lines  and  hence  the  fluorescence  ratio  could  be 
greatly  altered.  These  effects  could  be  remarkable  in  large  flame  systems,  also  with  low  concentration  of 
metal  atoms.  However,  the  fluorescence  method  for  local  flame  temperature  measurement  Is  of  great  interest 
because  it  could  be  used  as  a calibration  standard  for  other  temperature  probes,  in  the  high  temperature 
ranges. 
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RESUME  : 


Une  methode  nouvelle  de  calcul'de  I'efficacitS  de  protection  par  film 
d'air  refrigerant  des  aubes  de  turbine  d gaz  est  proposee,  Reposant  sur  une 
representation  analytique  de  la  structure  tourbillonnaire  caractSrisant  1* aspect 
tridimensionnel  de  I'emission  de  film  par  jets  discrete,  cette  methode  permet 
de  prevoir  la  loi  de  melange  progressif  du  rSfriggrant  avec  les  gaz  chauds,  et 
d'en  deduire  I'efficacite  adiabatique.  Compte  tenu  des  effets  de  dilution  par 
diffusion  turbulente  et  de  coalescence  des  jets,  ces  provisions  se  comparent 
favorablement  avec  les  donnees  d' experience  sur  paroi  plane. 

Des  regies  simples  de  composition  des  efficacites  de  film  rOsultant 
d' injections  par  plusieurs  rangees  d'orifices  permettent  d'Otendre  la  validitO 
de  la  methode  de  calcul  I une  grande  variOte  de  configurations  d'injection. 

Les  effets  de  la  courbure  des  aubes,  non  pris  en  coiqpte  dans  1' expose, 
font  I'objet  de  recherches  consecutives . 


NEW  COMPUTATION  METHOD  OF  TURBINE  BLADES  FILM  COOLING  EFFICIENCY 

SUMMARY  : 


A new  analytical  technique  is  presented  for  the  computation  of  film 
cooling  effectiveness  of  gas  turbine  blades.  It  is  based  on  a mathematical 
description  of  the  counter  rotating  vortex  structure  associated  with  the  injec- 
tion of  coolant  through  discrete  holes.  The  transport  of  mass  induced  by  these 
vortices  plays  the  major  part  in  the  mixing  process  of  hot  gas  with  the  indivi- 
dual jets,  which  defines  the  adiabatic  effectiveness  of  the  resulting  film. 

When  merging  of  the  jets  and  entrainment  by  turbulent  diffusion 
effects  are  also  taken  into  account,  data  from  various  experliaents  performed  on 
flat  plates  are  found  to  be  in  good  agreement  with  predictions  following  this 
approach. 


Simple  rules  for  computing  film  effectiveness  with  injection  through 
several  rows  of  holes  allow  an  extension  of  this  analysis  to  a large  variety 
of  injection  patterns. 

Curvature  effects  not  accounted  for  in  this  presentation  are  left  for 
further  investigations. 


I.-  INTRODUCTION 

La  technique  de  protection  thermique  des 
aubes  de  turbines  t gaz  par  Emission  d'air  prElevE 
au  dernier  Etage  du  compresseur  est  actuellement 
retenue  par  la  plupart  des  motoriste..  come  la  plus 
apte  A assurer  les  ameliorations  de  performance 
attendues  de  1 'accroissement  de  la  temperature  de 
sortie  du  foyer,  et  notassaent  me  diminution  de  la 
consommation  spEcifique. 

Afin  de  limiter  les  penalisations  qu* 
entratne  la  mise  en  oeuvre  de  cette  technique  du 
fait  des  pertes  energEtiques  associees  A I'injec- 
tion  du  fluide  refrigerant  dans  I'ecoulement  actif, 
il  convient  de  rechercher  les  conditions  optimales 
d'organisation  du  dispositif  de  ref roidissement 
interne  et  d'emission  de  film  tout  en  minimisant 
la  consomation  d'air  requise  pour  le  maintien  de 
la  temperature  des  aubes  au  niveau  impose. 

* Travail  affactut  aoua  eontrat  DRIUC. 


Parmi  les  diverses  voies  de  recherches 
qui  rdpondent  A ces  preoccupations,  1' analyse  de 
I'efficacite  de  la  protection  thermique  par  films 
emis  A partir  d'une  ou  plusieurs  rangEes  de  perfo- 
rations discretes  a donnE  lieu  A de  nombreux 
travaux,principaleiBent  sur  le  plan  expErisieiital . 

Ce  mode  d'injection  de  I'air  rEfrigErant 
donne  lieu  gEnEralemcnt  A un  effet  de  pEnEtration 
des  jets  ElEawntaires , que  I'on  s'cfforce  de  mini- 
miser par  des  perqages  d'axe  aussi  incline  que  pos- 
sible par  rapport  A la  paroi. 

II  en  rEsulte  un  processus  d' interaction 
tridimens ionnelle  dont  1' analyse  revet  une  impor- 
tance essentielle  pour  la  prEvision  des  conditions 
effectives  de  refroidissement.  Un  effort  notable 
a EtE  rEcemment  consacrE  A 1 'Elaboration  de  mEtho- 
des  numEriquei  de  resolution  basEcs  sur  les  Equa- 
tions de  Havif.r-Stokes  pour  le  problAme  de  I'Ecou- 
lement  dans  les  cenaux  interaubes  de  turbine  A 
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Smlsslon  [1].  Une  methode  de  caractSre  plus  analy- 
tique  a Std  developpde  i I'ONERA  selon  une  modili- 
sation  basee  sur  les  lois  physiques  fondamencales 
qui  regissent  1' aspect  parclculier  de  cette  inter- 
action. 


D'abord  etudie  au  regard  de  motivations 
differentes,  telles  que  la  dilution  des  produits 
de  combustion  dans  les  foyers  de  turbomachines , ce 
processus  intervieut  au  premier  chef  dans  le  melan- 
ge progressif  des  jets  dlementaires  dmis  sur  les 
parois  d'aubes  de  turbines.  Les  dimensions  rela- 
tives des  canaux  interaubes  et  des  orifices  d' emis- 
sion autorisent  I'application  des  regies  reconnues 
dans  le  cas  de  jets  pendtrant  dans  un  dcoulement 
semi-infini,  lorsque  la  vitesse  d'injection  moyen- 
ne  n'est  pas  crop  faible  devanC  celle  de  I'dcoule- 
ment  et  lorsque  I'inclinaison  initiale  des  jets 
par  rapport  3 la  paroi  n'est  pas  excessive. 

Basde  sur  une  representation  analytique 
de  I'effet  d ' echappement  Courbillonnaire  caracte- 
risanC  I'aspect  tridimensionnel  de  cette  inter- 
action, I'approche  ainsi  retenue  a permis,  moyen- 
nant  une  prise  en  compte  des  effets  de  dilution 
par  diffusion  turbulence  , de  coalescence  des  jets 
et  de  composition  des  efficacitds  resultant  de 
plusieurs  emissions  par  rangdes  d'orifices  succes- 
sives,  de  fonder  une  methode  de  provision  de  I'ef- 
ficacitd  adiabacique  done  les  resultats  se  compa- 
renC  favorablement  avee  les  donnees  d' experience 
sur  paroi  plane. 


suivant  la  direction  opposde  1 cells  de  la 
vitesse  relat^e  , la  resistance 

aerodynamique  T . ” * 


Fit-  f -Schima  de  celcul  de  le  pinitretion  tfun  jet  dens 
un  icoulement  subsonique. 


L* extension  des  formules  proposees  au 
cas  des  aubes  a forte  cambrure  constituera  le 
prolongement  logique  de  ces  rSgles  prdvision- 
nelles. 


2.-  METHODE  DE  CALCUL  DE  LA  PENETRATION  ET  DU 
MELANGE  FAR  INDUCTION  TOURBILLONNAIRE  D' UN  JET 
CROISANT  UN  ECOULEMENT  SUBSONIQUE 

L' etude  des  interactions  adrodynamiques 
auxquelles  donne  lieu  la  pendcration  d'un  jet 
dans  un  dcoulemenC  subsonique  a fait  I'objet  de 
plusieurs  dtudes  thdoriques  3 I'ONERA  [2]  [3]  [4], 
done  les  resultats  essentials  seront  d'abord  rap- 
pelds  succinctement. 

En  premier  lieu,  un  moddle  mathematique 
different  sensiblemenC  des  schemas  plus  anciens  de 
representation  du  processus  de  penetration  a ete 
applique  au  cas  general  oQ  li^rojection  de  la 
vitesse  moyenne  d'injection  sur  le  plan  de 

la  paroi  esc  inclinde  d'un  angle  de  ddrapage  o(, 
avec  la  vitesse  a de  I'ecoulement  exterieur.  Si 
I'on  ddsigne  par  I'angle  de  avec  le  plan 

de  la  paroi,  la  trajectoire  moyenne  du  jet  demeure 
dans  le  plan  ( vv,  ^ tS  ) oQ  I'angle  u,  que  forment 
ces  deux  vecteurs  est  donnd  par 

Cct  = d»*  ex’,  . C»tj5, 

La  forme  de  la  trajectoire  ou  ligne 
moyenne  du  jet  rSsulte  de  la  condition  d'Cquilibre 
entre  les  forces  appliquees  3 un  dldment  de  volume 
itI>^eU/4  du  jef  > supposd  raster  assimilable  3 un 
cylindre  circulairt  (fig.  1). 

Ces  forces  sont  respectivement  : 

- suivant  la  normale  3 la  ligne  moyenne,  la  force 
centrifuge  ^ associ£c  3 la  courbure  de  cette 
ligne. 

- suivant  la  tangente,  le  tauxT^  de  variation 
temporelle  de  la  quantiti  de  mouvement . 


Sous  forme  scalaire,  les  intensites  de 
ces  forces  s'dcrivent  respectivement  : 

T " C.,  £2^  S^r.  Da4> 

II  est  admis  que  le  coefficient  de 
resistance  de  I'dlement  cylindrique  d'axe  incline 
de  I'angle^  par  rapport  3 est  donnS  par  la 
loi  dice  "du  cosinus".  ’ 


Les  equations  exprimant  I'equilibre  de 
ces  trois  forces  s'ecrivent  : 

a)  en  projection  sur  la  normale,  et  compte  tenu 
des  relations  ; 


R (rayon  de  courbure)  ■ 

.7?  = 3 vif?  Smeo  du/eti 

Sini  = U«ir.<o  , 

(1)  ^ 

^ HD  QY 

b)  en  projection  sur  la  tangente 


Le  diamecre  D est  suppose  variable,  3 
mesure  que  la  vitesse  du  jet  tend  3 s'egaliser 
avec  celle  de  I'ecoulement  exterieur.  A cet 
egard,  I'hypothAse  de  conservation  du  debit  massi- 
que  3 I'interieur  du  tube  de  courant  auquel  est 
assimiie  le  jet  a etC  retenue  sous  la  forme 
simplifiee  : 


lea  variations  de  la  masse  volumique  pouvant 
Stre  nCgligees  lorsque  les  te^ieraturei  genera- 
trices des  deux  Ccoulements  en  presence  ne  sont 
pas  trop  largement  diffCrentes. 
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La  forme  des  Equations  (I)  et  (2) 
suggdre  le  choix  de  la  longueur  de  rdfdrence 

et  des  paramitres  adlmensionnels 


V = 

Par  division  membre  ^ membre  de  (I)  par 

(2) ,  1* equation  sous  forme  reduite 

(3)  ^ 

dv  V (Xv-^oSw) 


eat  obterue  Independannient  de  route  hypothSse  sur 
les  valeurs  ou  sur  I'evolucion  du  coefficient  de 
resistance  et  du  diametre  S > elle  peut  etre 
intdgree  aisement,  la  solution  s'ecrivant  par 
exemple  ; 


(4) 


V = 


CoS  -<f) 

CoS  (cj  - <f) 

OU  la  constants  (j?  est  definie  par 

d ou 


I - X CoS  to. 


\=. 


foi  < 


^ S I n u>. 


^0S(u,.lf) 


Le  calcul  de  la  trajectoire  moyenne 
d'apres  la  relation  de  caract^re  intrinsSque 

(5)  — _ y z.  Sin  ^ ( 0"  s } 

^co 


peut  etre  mene  ^ terme  si  I'on  admet  que  le 
facteur  d'echelle  ^ demeure  invariable,  c'est*^- 
dire  que  le  coefficient  conserve  une  valeur 
constants  a 


De  simples  quadratures  permettent  alors 
de  calculer  les  coordonn^es  r^duites  de  la  ligne 
moyenne,  dans  le  rep^re  cartesien  fixe  par  rapport 
^ la  paroi  : 

0 centre  de  I'orifice,  Ox  parallSle  d la  vitesse'u 
Oy  normale  \ la  paroi, 

Oz  normale  d Ox  dans  le 
plan  de  la  paroi. 


c _ i r " cosu 

^ ' Z ~ •'to,  ‘ Cos  (to- If 

^ 2 /l-eos'n,  Cfs'-fi, 

dtp 

C0i(to  ) \ Sf’ntfu 

C = -^  r 

En  fait,  la  forme  de  la  ligne  moyenne 
dans  le  repdre  (Ox,  y,  z)  est  bien  reprdsentde 
dans  un  domaine  assez  dtendu  d partir  de  I'orifice, 
si  l*on  admet  dans  le  calcul  du  facteur  d'dchelle 

4 le  valeur  0^2. 

*r 

Une  comparaison  de  ces  provisions  avec 
les  resultats  expOrimentaux  de  Ziegler  i Wooler 
[5]  est  presentOe  figure  2. 

Une  interpretation  simple  de  cette 
valeur  de  peut  etre  proposee,  d I'appui  d'une 
analyse  du  champ  aerodynamique  regnant  autour  du 
jet. 


Ainsi  que  I'a  exprime  G.  RUDINGER  [6], 
le  mecanisme  suivant  lequel  I'ecoulement  principal 
s'oppose  A la  penetration  du  jet  se  traduit  par  un 
echappement  en  apparence  instationnaire  de  paires 
de  tourbillons  contra  rotatifs.  Ceux-ci  decrivent 
en  realitO  des  trajectoires  stationnaires  et  parti- 
cipent  ainsi  A une  structure  coherente,  ce  qui  a 
permis  de  reprOsenter  avec  une  bonne  approximation 
les  vitesses  induites  dans  le  domaine  d' interac- 
tion du  jet  avec  I'ecoulement  externe  scion  I'hy- 
pothAse  d'une  distribution  permanente  d'intensite 
rotationnelle,  rOpartie  suivant  deux  trajectoires 
symetriques,  distinctes  de  la  ligne  moyenne  du 
jet  [7]. 


A proximite  de  1' orifice  d' emission,  le 
processus  d' interaction  peut  etre  assimile  d'apres 
les  observations  selon  les  methodes  de  visualisa- 
tion hydrodynamique  [8]  A un  effet  de  puits  con- 
centre suivant  la  generatrice  du  cylindre  auquel 
est  assimilable  le  jet,  opposee  A la  ligne  d'arret 
de  I'ecoulement  amont.  Dans  un  plan  de  section 
normale  A la  ligne  moyenne  du  jet,  cette  modeli- 
sation  conduit  A reprSsenter  le  potentiel  complexe 
de  I'Acoulement  A I'extSrieur  du  jet  sous  la  forme 

m to  . 


Fi$,  2 — Comp^niton  dn  tiprm  moynrm  cskut4ts  »t  0xp^rim$nt9l0ment 
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2 - ^ deslgnant  la  variable  complexe  definie 

suivant  le  schema  represent^  figure  3, 

a le  rayon  de  la  section  circulaire  du  jet 
E I'intensite  de  puits  concentree  au  point 
Z - a 


L'expression  en  facteur  de  E prend  en 
compte  I'effet  d'image  du  puits  par  rapport  au 
cercle. 


La  force  exercee  par  unite  de  longueur 
du  tube  de  courant  auquel  est  identifie  le  jet 
s'ecrit  selon  la  regie  de  Blasius  : 

^ = if  = EuSino; 

s/d  -Z 

Cecte  force  peut  s'exprlmer  par  ailleurs 
en  foncclon  d*un  coefficient  de  resistance  aero* 
dynamique  Cfj,  tel  que  : 

^ _ gvSiiaJ  ^ 

d6  -Z 

II  resulte  de  ces  deux  expressions  de 
dr/di  que  I'intensite  du  puits  E est  donnee  par 

t = qu  Sinio  l>.Cr/Z 

soit  pour  C,f  “ 2 : 

(8)  £’  = ^uSintd.X) 

Cette  relation  signifie  simplement  que 
le  debit  captd  par  unite  de  longueur  4 par  I'en- 
roulement  des  tourbillons  (assimile  i I'effet  de 
puits)  est  egal  au  flux  massique  intercepts  par 
la  penStration  du  jet  dans  I'Scoulement  extSrieur. 

Ce  rSsultat,  qui  semble  plausible  dans 
la  mesure  ou  la  forme  cylindrique  du  jet  n'est  pas 
trop  altSrSe,  est  conforme  au  schema  newtonien 
d' absorption  integrals  de  la  quantitS  de  mouvement 
du  flux  coups,  auquel  correspond  la  valeur  2. 
II  conduit  par  ailleurs  pour  le  champ  d'Scoulement 
potentiel  (6)  S une  configuration  de  lignes  de 
courant  trSs  semblable  S celle  que  foumit  la 
visualisation  dans  une  tranche  d'Scoulement  per- 
pcndiculaire  3 la  ligne  moyenne  du  jet. 

La  valcur  ainsi  obtenue  pour  E conduit 
pour  le  taux  d ' entrainement  massique  par  induction 
tourbillonnaire  3 l'expression 

(9)  Ja  = iit  = .1  B S.n«  ^ 


dm^  m ^ da  dSsignant  le  dSbit  massique  entrainS, 
le  dSbit  massique  initial  du  jet,  soit 

Un  modele  de  representation  analytique 
de  la  structure  contra  rotative  a ete  r^cennent 
propose  [4].  11  consiste  a identifier  le  debit 
d'entrainement  formule  suivant  (8)  avec  celui 
qu'induiraient  deux  files  rectilignes  ind^finies 
tangentes  aux  trajectoires  reelles  des  tourbil* 
Ions,  et  conduit  en  ce  qui  concerne  I'intensite 
de  circulation,  1 ' espacement  des  centres  tourbil- 
lonnaires  et  le  champ  des  vitesses  induites  I des 
previsions  tres  concordantes  avec  les  resultats 
bases  sur  les  Bondages  anemometriques.  Cette 
concordance  tend  S confirmer  la  validite  du  modele 
d' interaction  du  jet  avec  I'ecoulement  transver* 
sal  sur  lequel  est  basee  1 'equation  (8)« 

En  fonction  des  parametres  adimension* 
nels  introduits  dans  le  schema  de  la  penetration, 
le  taux  d'entrainement  reduit  peut  etre  mis  sous 
la  forme  ^ 

ft-  = X / V'?  Sinu  dr  = - f . 


d'ou  rgsulie  la  valeur  explicite  : 


(10) 


Lorsque  I'angle  d' injections},  n'est  pas 
trop  elevS,  ce  qui  est  en  general  le  cas  pour  les 
perforations  des  aubes  de  turbines  refroidies  par 
emission  de  film,  ce  taux  d'entrainement  caractd- 
rise  assez  bien  le  degrd  de  dilution  du  fluide  en 
contact  avec  la  paroi.  La  tempdrature  de  mdlange, 
calculde  par  application  du  premier  principe  : 

_ 1^-  * 

4 + fi, 

oQ  'Ca  ddsigne  la  tempdrature  d'arret  du  melange 
supposd  homogdne 

'Tj  celle  du  flux  rdfrigdrant 
" " " exteme 


est  assez  bien  vdrifide  d'aprds  les  relevds  expd- 
rimentaux  effectuds  3 une  distance  de  I'orifice 
comprise  entre  2 et  10  diamdtres  environ. 

En  plus  de  cet  effet  d'entrainement  mas- 
sique par  enroulement  des  nappes  tourbillonnaires, 
il  convient  de  tcnir  compte  de  I'effet  classiquc 
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du  melange  par  diffusion  turbulente,  auquel  il  se 
superpose  sans  discontinuicd . 

A la  difference  du  processus  macrosco- 
pique  selon  lequel  la  generation  de  rotationnali- 
te  est  due  a la  coiq>osante  normale  usiina)  de 
1 ' ecoulement  par  rapport  au  jet,  le  melange  par 
diffusion  turbulente  fait  intervenir  la  vitesse 
de  glissement  suivant  la  ligne  moyenne,  soit 

(■Vj  -iictsu  ). 

Une  distinction  analogue  a ete  formu- 
lee  par  HAWTHORNE  entre  les  generations  de  rota- 
tionnalite  dites  par  "skew"  ou  par  "shear  vorti- 
city"t  les  deux  effets  ont  ete  egalement  reconnus 
par  H.  SNEL,  [91,  bien  qu'explicites  sous  des 
formes  differences  de  celles  du  present  expose. 

Le  jet  etant  assimiie  A un  tube  de  cou- 
rant  de  section  transversale  A eC  de  pdrimetre  P, 
la  densice  lindaire  de  flux  de  dilution  peuC  etre 
exprirnde  sous  la  forme  analogue  A celle  d'une  Aqua- 
tion de  diffusion  : 

d/i  "P 

E deslgnanc  un  parametre  adimensionnel 
et  I*  la  fraction  massique  de  I'ecouleiDent  exterleir 
"Tc  ■ I S I'exterleur  du  jet  et  1^-  ■ 7^  en  valeur 
moyenne  dans  le  jet^  j*  d^slgnant  le  taux  global  de 
dilution 

Le  taux  de  dilution  par  diffusion  tur~ 
bulente  s'ecrit  ainsi  : 

do  4 

soit  en  fonction  des  parametres  adimensionnels 
precedemaenc  utilises  : 

dfJj>  ^ ^ Cfico) — — 

Si  I'on  admeC  que  seul  I'apport  de 
masse  par  diffusion  turbulente  contribue  avec  la 
variation  de  A accroitre  le  rapport  D/D,, 

il  vient  looyennanc  une  transformation  simple  , et 
selon  I'hypothAse  C,  • 2 : 

Une  demiAre  approximation  consiste  A 
admectre  pour  le  facteur  (I  * 

une  loi  de  correlation  qui  a AtA  indiquAe  par 
KEFFER  i BAINES  [10]  ; 


En  vue  de  1* application  au  calcul  de 
I'efficacitA  de  protection  par  film  injectA  A 
partir  d'une  rangAe  d'AvenCs,  on  a d'abord  admis 
que  dans  le  cas  de  jets  faiblement  inclines 

, les  deux  processus  concourent  A provoquer  ^ 
le  melange  des  gaz  chauds  avec  le  fluide  refrige- 
rant. 


Au  voisinage  de  1' injection,  la  crois- 
sance  du  paramAtre  est  beaucoup  plus  rapide  que 
celle  de  ^j,,  et  il  paru  legitime  d'admettre  que 
dans  la  mesure  ou  I'espacemenC  des  orifices  n'est 
ni  crop  faible  ni  Crop  important,  les  Aquations 
(10)  et  (II)  pourraient  fournir  une  approximation 
suffisante  de  I'effeC  moyen  de  dilution  du  flux 
refrigerant. 


Cette  hypothAse  a d'abord  AtA  confirmee 
d'aprAs  les  rAsultaCs  publiAs  par  LIESS  [11]  pour 
une  injection  par  une  rangAe  d'Avents  espacAs  de 
SJD^et  inclines  de  35°  dans  le  lit  du  vent  (o(,“0) 
L'efficacitA  adiabatique,  en  valeur  moyenne  trans- 
versale : 


'n  - Tp, 
- T, 


avec  1^  - temperature  de  froCtemenC  en  amonC  des 
injections, 

'TL,'*  temperature  moyenne  de  paroi  achermane, 
c'est-a-dire  de  frottement  apparent,  en  aval  des 
injections, 

1^'  • temperature  totale  du  flux  injecCA,  A la 
sortie  des  events,  Ataic  dAduite  du  repArage  des 
temperatures  de  barrettes  de  cuivre  isolAes  cher- 
miquement  et  insArAes  dans  la  paroi  plane,  trans- 
versalement  A I'AcoulemenC  principal. 


Les  valeurs  de  y ainsi  obtenues  par 
LIESS  et  reprAsentAes  figure  4 concordent  bien 
avec  celles  qui  rAsultent  de  1 ' application  du  pre- 
mier principe  de  la  Thermodynamique , en  fonction 
du  taux  de  dilution  thAorique  : 

(12)  y = ! 

^ I + ° fJ’ 


Cette  concordance  est  toutefois  moins 
satisfaisante  lorsque  le  paramAtre  de  soufflage  ; 
dAf  ini  comme  le  rapport  m • <ies  debits 

unitaires,  a une  valeur  trop  taible  ou  trop  AlevAe 
par  rapport  A 1' unite. 

Les  Acarts  observAs  entre  les  valeurs 
expArimentales  et  calculAes  pour  les  valeurs  de  m 
infArieures  A environ  0,6  ou  supArieures  A 1 'unite 
sont  essentiellement  dus  A 1' influence  de  trois 
facteurs  qui  ne  sont  pas  pris  en  compte  dans  le 
schAma  de  dilution  du  jet  unique  : 


E«-0,2  )"°'*(4-  )'’^^ 

Il  vient  ainsi  sous  forme  intAgrale  et 
coapte  tenu  de  (4)  et  (5)  : 


3.-  APPLICATION  AU  CALCUL  DE  L'EFFICACITE  DE 
PtorECTIOH  PAR  FILM  INJECTE  A PARTIR  D'UNE 
00  PLUSIEURS  RANGEES  d'EVENT’s! 


AssociAcs  au  calcul  de  pAnAtration  qui 
fournit  la  loi  de  correspondence  entre  la  distance 
longitudinale  depuis  le  centre  de  I'oriflce  d'ln- 
jection,  * “ Fo  et  I'angle  cJ  de  la  ligne  moyenne 
par  rapport  a 1 'axe  Ox, les  formules  (10)  et  (II) 
permettent  de  dAterminer  I'Avolution  du  taux  de 
dilution  global  y,  » y,j^  , 


- I'espacement  relatif  des  orifices 

- la  coalescence  des  jets,  qui  intervient  au-delA 
d'une  distance  liAe  A cet  espacement 

- la  pAnAtration  des  jets 

Pour  m ^0,6,  les  valeurs  expArimentales 
de  y sont  supArieures  aux  prAvisions  thAoriques, 
surtout  aux  distances  relativement  iiq>ortances. 

Cela  tient  A ce  que  la  longueur  de  rAfArence  4 = 
XmJ3,  variant  sensiblement  comme  les  valeurs 
de  I’abscisse  rAduite ^ • x/o  dApassent  alors  le 
domaine  de  validitA  du  schAma  de  calcul,  valable 
essentiellement  A proximitA  de  1' injection. 

Pour  les  grandes  valeurs  de  m,  la  condi- 
tion de  proximitA  se  trouve  bien  satisfaite,  mais 
la  pAnAtration  plus  accentuAe  des  jets  Aloigne  le 
domaine  d' induction  tourbillonnaire  de  la  paroi,  de 
telle  sorte  que  la  tempArature  du  fluide  A son  voi- 
sinage inmAdiat  ne  peut  plus  etre  assimilAe  A celle 
du  mAlange  uniforme. 
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Fig.  4 — Vtiaurt  aicuUtt  dt  Ftffictciti  pour  un  /et  itoM  comptries 
aux  donn4m  axp4rimontaies  da  Liats  tuna  rangda,  p = 3t. 


Influence  du  p«»  de  P*rt«gg_ j««_6venti 

U>rsque  les  conditions  de  paroi  stcicCe- 
ment  athermane  aont  r£alis£es,  les  rep£rages  de 


temperature  locale"  en  aval  de  1' injection  par  un 
seul  orifice  suivent  une  loi  de  distribution  sensi- 
blement  gaussienne  en  fonction  de  la  distance 
mesurSe  normalement  d I'axe  longitudinal  Ox  (Fig. 5). 


Fig  5 — Distribution  transversaie  de  i'efficacitd  an  avai  (tun  jet  isoid, 
(taprds  Goldstein  & al. 


En  aval  d'une  rangSe  d'orifices  reguliS- 
rement  espacSs  avec  un  entraxe  de  2 C,  3 3 , on 

observe  une  loi  de  penetration  pratiquement  iden- 
tique  3 celle  d'un  jet  unique  [12].  Les  sondages 
transversaux  3 proximite  de  la  paroi  revelent  des 
distributions  periodiques  d'efficacite  qui  rSsul- 
tent  sensiblement  de  la  soimnation  des  lois  gaus- 
siennes  qui  s'appliqueraient  derriere  chaque  ori- 
fice suppose  isole. 

Des  resultats  recenment  publiSs  [1]  et 
obtenus  par  resolution  numerique  suivant  une  pro- 
cedure de  differences  finies  du  domaine  proche  de 
1' injection  rSvelent  toutefois  une  structure  tour- 
billonnaire  plus  complexe  que  dans  le  cas  du  jet 
isoie.  Dans  les  conditions  d' injection  par  une 
rangee  de  canaux  inclines  de  30°,  o',  • 0 et 
perces  au  pas  p - 2,5  avec  un  coefficient  de  souf- 
flage  m - 0,31,  les  profils  transversaux  d'effica- 
cite accusent  une  legere  remontSe  au  voisinage  de 
I'axe  moyen  entre  les  events  1,25)  ou 

s'Stablirait  une  structure  rotationnelle  secondaiK 
de  faible  intensite,  mals  tendant  neanmoins  3 indui- 
re  elle  aussi  un  flux  de  gaz  chaud  vers  la  paroi 
(Fig.  6). 


L'3quivalence  approximative  entre  les 
efficacites  mesurSes  en  aval  d'un  orifice  unique 
ou  bien  d'une  rangee  d'orifices,  dans  les  memes 
conditions  de  rapports  de  vitesses  (A)  et  de 
quantites  de  mouvement  (^m ) a St6  signalSe  par 
ECKHERT  [13].  Ainsi  que  I'a  soulignS  cet  auteur, 
une  analogie  formelle  existe  entre  la  loi  de 
distribution  applicable  au  jet  unique 

= V- 

valeur  maximale  mesurSe  dans  le 

plan  X o y, 

la  valeur  de  la.  distance  latSrale  ^ telle  que 
• yUf./t.  et  la  solution  de  I'Squation  de  diffu- 
sion de  la  chaleur  3 partir  d'une  source  ponctuel- 
le  placSe  au  point  origins  0. 

La  moyenne  transversaie  de^  sur  un 
segment  (-  tni  que  la  valeur  ^e  I'expo- 


Les  sondages  en  temperature  d'arret  3 proximite 
immediate  de  la  paroi  conduisent  3 des  valeurs 
egales  3 celles  des  reperages  effectues  sur  le  me- 
tal au  droit  de  ces  sondages. 
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nentielle  soit  rSd'ulte  I la  fraction  ^de  I'unite 
(M^l)  s'ecrit  senslblement  : ^ 

v 


d'ou  encore  = ± V^.J^ 

Dans  le  cas  d*une  rangee  d' orifices 
d’espacement  relatif */^I>  » ^ designant  I’entra- 
xe  de  per^age  des  events,  la  lol  de  distribution 
de  I'efficacite  prend  la  forme  : 

"»  ; ■ ♦ i ‘'ft-'-' 

‘/f 


I'origine  des  ^ etant  au  centre  de  I'orifice 
median,  de  part  et  d' autre  duquel  sont  supposes 
repartis  2 x e|  orifices  alimentes  identiquement . 


/ ¥ 


expdrimentaux  [to]  tend  effectivement  3 confirmer 
1' invariance  approximative  du  produit 
en  fonction  de  la  distance  axiale,  au-del3  de  5 
diam3tresX^.  Si  I'on  admet  cette  approximation, 
il  vient  moyennant  un  calcul  simple  ; 

(17)  V - 

le  facteur  ■((  ayant  pour  expression 

(t,  (nAfJ  i 

et  etant  par  consequent  proportionnel  3 la  puis- 
sance 1/2  de  I'intensitd  de  la  source,  dans  la 
representation  analogique. 

II  est  plausible  d'admettre  que  cette 
intensite  de  la  source  image  de  I'dmission  d'un 
jet  doit  etre  proportionnelle  au  debit  massique 
injecte,  c'est-3-dire  au  coefficient  de  soufflage 
»"  “ . II  s'ensuivrait  que  le  coefficient^ 

devrait  etre  proportionnel  3 nn;  on  constate  qu'en 
realite,  les  valeurs  calculees  de  ^ selon  la  rela- 
tion (17),  avec  comparent  mieux 

avec  les  valeurs  expdrimentales  si  I'on  admet  que 
Jk  est  une  fonction  lineaire  de  mH.  Le  fait  que 
ne  s'annule  pas  avec  m et  ddpend  de  I'angle 
d' injection  peut  s'expliquer  par  la  dimension  finie 
du  jet,  qui  ne  peut  pas  etre  assimile  3 une  source 
ponctuelle  pres  de  I'orifice. 

Moyennant  un  choix  appropriS  du  coeffi- 
cient 4 selon  les  conditions  d' injection  par  une 
rangee  d'orifices,  la  relation  (17)  rend  bien 
compte  de  1' evolution  de  ^ avec  la  distance  sui- 
vantOz.  On  doit  toutefois  tenir  compte  de  I'effet 
de  diminution  des  sections  de  passage  offertes  3 
I'ecoulement  exterieur  entre  les  jets,  effet 
d'autant  plus  marque  que  I'angle  de  ddrapage  attest 
plus  important. 


0 Q5  1 1.25 

Fig.  6 — Distribution  transversals  de  I'efficacite  d'apris 
le  calcul  [1].  aval  cTune  rangie  d'events. 

Oo  = 0 ; ^0=30°  ;p  = 2,5 /m=  0,31. 

Le  calcul  de  I'efficacite  moyenne  sur 
une  distance  egale  au  pas  2^^  conduit  h 1' expres- 
sion : 

^ i:  T vfz  [ 

le  rapport  etant  generalement 

de  I'ordre  de  I 'unit#,  cette  expression  peut  etre 
reduite  dans  le  cas  d'une  rangge  it  nombre  ) 

assez  grand  d'orifices  au  terme  principal 

(16)  -n  SI  '»7  ’ Jl!^*  — v/-— 

7 ^ yjfjt 

semblable  d celui  de  I'expression  (14)  de  I'effi- 
cacite moyenne  pour  un  seul  orifice,  au  remplace- 
ment  prSs  de  ^ par  . 

L'analogie  avec  la  solution  de  I'^qua- 
tion  de  diffusion  de  la  chaleur  ^ partir  d'une 
source  ponctuelle  conduit  d repr^senter  par  I'ex- 
pression 

Tin 

1' intensity  de  la  source  ; I'exaiaen  des  r3sultats 


■ ''  f "’/S.  ^ 

. = ^ ® s.Viy3„ 


Fig.  7 ~~  Effet  ctotatruction  d'une  ranges  de  jets. 
Definition  de  la  transparerKs . 


Dans  le  cas  le  plus  g€n6ral,  et  suivant 
les  notations  de  la  figure  7,  une  valeur  suffisam- 
ment  approch^e  de  la  largeur  minimale  entre  deux 
jets  est  donn^e  par  I'expression  de  I'intervalle 
inesur6  suivant  la  direction  de  la  rangee,  soit 
au  voisinage  Imci^diat  de  la  paroi  : 

( P - 7===FP=r=- ) 

On  peut  admettre  que  le  processus  de 
dilution  s'effectue  cotaae  suivant  les  hypotheses 
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du  calcul  pr^c^deimient  proposd  lorsque 
c'est-S-dire  lorsque  le  pas  de  perjage  cst 

tel  que  p ^ d * (d  -Si«V,  o®t’/5,)"  * 

Lorsque  cette  condition  n'est  pas  satis- 
faite,  le  taux  de  dilution  dScrott  suivant  une  loi 
qui  peut  etre  admise  en  premiSre  approximation 
comne  de  proportionnalitS  i L'ef£icacit£  des 
films  Smis  d travers  une  rangee  de  canaux  est  done 
definie  par  I'une  ou  I'autre  des  relations 

(18)  7 (i  * lorsque 

P I 

^ I*  -0 '■]J 

lorsque 

Influence  de  la  coalescence  des  jets  elgmentaires 

Les  sondages  transversaux  en  tempera- 
ture d' arret  effectuSs  prSs  de  la  paroi  revSlent 
unc  uniformisation  presque  parfaite  de  cette  gran- 
deur au-deli  d'une  distance  comprise  entre  10  et 
13  diametres dans  le  cas  des  configurations 
d'injection  Studides  experimentalement.  Parallele- 
ment,  un  ecart  croissant  aux  distances  plus  gran- 
des  de  1' injection  est  observe  entre  les  effica- 
cites  calculees  d'apres  les  relations  (16)  et  les 
donnees  experimentales . 


II  est  naturel  que  le  caractSre  bidi- 
mensionnel  qu'acquiert  I'gcoulement  parietal  soit 
associe  a un  processus  de  dilution  distinct  de 
celui  qui  prevaut  initialement,  aussi  longtemps 
que  les  jets  elementaires  demeurent  differencies. 

L'efficacitg  doit  alors  rSsulter  d'un 
transfert  de  masse  de  la  forme  : 

^ M ^ — 1 atx. 

^ ddsignant  le  nombre  de  transfert  de  masse 

X'  la  fraction  massique  de  fluide  de  I'ecoulement 
exterieur,  telle  que 

• I en  dehors  du  film, 

Tf  “ eu  sein  du  film,  ^ d€signant  le  taux  de 

dilution. 


1' Equation  (19)  conduit  8 une  loi  d' evolution  de  ^ 
qui  se  traduit  par  un  raccordement  sans  point  angu- 
leux  avec  les  courbes  calculSes  selon  I'une  ou 
I'autre  des  equations  (18),  et  ce  sur  une  plage 
asset  Stendue  de  valeurs  de 


II  est  alors  convenable  d' adopter  une 
valeur  normalisSe  X-c^  tD,“  15  comme  limite  de  vali- 
dite  des  equations  (18)  ; I'efficacite  est  ainsi 
bien  representge  aux  distances  superieures  8 


par  la 

relation  : 

(20) 

7= 

avec 

y<i 

ou 

Influence  de  la  penetration _dea_ jets 


L'effet  de  la  penetration  des  jets  n'est 
ressenti  qu'au  voisinage  de  1' injection,  les  resul' 
tats  experimentaux  indiquant  que  le  detachement  des 
jets,  d'ailleurs  peu  sensible  lorsque  I'angle  ^Oo 
reste  inferieur  ^ 30^,  est  suivi  d'un  recollement 
^ une  distance  reduite  Z/^^de  I'ordre  de  12. 

Parmi  les  configurations  d'injection 
etudiees  sur  paroi  plane,  cet  effet  n'est  d'ailleuis 
apparu  nettement  que  dans  le  cas  0,  4)^  ■30* 

et  pour  les  valeurs  du  coefficient  de  soufflage 
superieures  ou  egales  a I'unite.  Aucune  influence 
de  la  penetration  n'est  apparue  lorsque  1 'injection 
presente  une  composante  de  derapage  notable,  mane 
pour  une  valeur  de  jS^  excedant  30*. 

lxamen_de8_risultat8^theprlgue8.par_rapport^  a 
1' experience 


Basees  sur  1' analogic  entre  les  equations 
de  transfert  de  masse  ou  d'enthalpie  (nombre  de 
Leviserl),  des  mesures  d'efficacite  ont  ete  effec- 
tuees  suivant  la  technique  de  dosage  de  la  concen*- 
tration  en  oxygene  du  film  forme  par  injection 
d' azote  pur  £3]  avec  les  conditions  d'espacement 
et  d' orientation  des  canaux  indiquees  dans  le 
tableau  I dans  les  cas  d' emission  par  une  rangee 
d' events. 


La  variation  du  taux  de  dilution  associse 
au  transfert  de  masse  est  done  : 


4 


m 


dSsignanC  la  hauteur 


En  fonctlon 
: Rj  , il  vient  : 

e " 


de  fente  equivalence. 


du  coefficient  de  soufflage 

m 4 


d'ou  aprSs  integration  portant  sur 
ne  de  ^ ; 


(19) 


une  valeur  moyen” 
lx--Xco) 


L' indicer.se  rapporte  8 la  distance  au- 
del8  de  laquelle  I'effet  de  coalescence  prSvaut. 


Configurations  d’injection  retenues  pour  tes  essais 
d'8mission  de  film  par  une  rangSe  d’8venti  sur  paroi  plane 


OCo 

do 

CJq 

P 

0 

30 

30 

2 

0 

45 

45 

2 

45 

35,  26 

54,  73 

2 

45 

35.  26 

54,  73 

3 

90 

45 

90 

3 

Compte  tenu  de  1 'expression  ^ de 
I'efficacite  (la  notation  en  valeur  moyenne  trans- 
versale  n'etant  plus  necessaire  au-del8  de 


Les  valeurs  calculees  d'apr8s  les  rela- 
tions (10),  (II),  (18),  (20)  conduisent  aux  courbes 
representees  figure  8 en  fonction  de  z/^  , pour  les 
vsleursm*  0,6  ; I ; 1,3  du  coefficient  Se  souffla- 
ge. Sauf  dans  le  cas  oQ  1' influence  de  la  penetra- 
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tion  est  sensible,  dans  un  domalne  d'ailleurs  res- 
treint  (2  < ^ <"  8 d 12),  I’accord  entre  les  pr8- 
visions  et  les  donnees  d'exp6rience  est  respecte 
avec  un  ecart  qui  est  au  plus  de  I'ordre  des  erreurs 
de  me sure. 


Efficscite  mofvnne  transverst!*^ 


Efficdcite  moyenne,!) 


m.  1 


"5  5 o 


Fig.  8 ~ Valaurs  catcuiaas  da  Fafficacit^  moyanna  transvanala  at 
rhultats  axparimantaux. 

a.  1 rangda  da  /ata.  p = 2 ; Oq  = 0 / ffo  = 30°  ; flj,  = 1,3'  10^ 

5 , /Do  = 0,2  ; Do  = 0,6  mm. 

b.  1 rangda  da  /•<*.  p * 2 oo  = 86° 

8o  = srt  »in  '/n/T ^ 35° 26  ; loo  = 54°,/4 , 6, /D„  = 0,1 
Do  = 1,2  mm;  «,  = lO-lO’ . 

c.  1 rangda  da  jata.  p = J ; Oo  = 45°  ; flo  = 35°26  ; 

6,  =■  1,31(fi  ; 8, /Do  = 0,1 ; Do  = /,2  mm. 


4.-  CONFIGURATIONS  D' INJECTION  A PLUSIEURS  RANGEES 
d' EVENTS 


Les  contraintes  mecaniques,  thermiques, 
aerodynamiques  et  les  servitudes  technologiques 
auxquelles  sont  soumises  les  aubes  thenniquement 
tres  chargees  imposent  genera  lenient  de  repartir 
1' Injection  entre  plusieurs  rangees  rapprochees 
d' events  debouchant  en  qulnconces,  soit  a injections 
espacees  d'une  zone  a I'autre  du  profil  (films  en 
cascades),  soit  S injections  r^parties  sur  un  nom- 
bre  eleve  de  rangees  regulierement  espacees  de 
canaux  en  quinconces . 

Selon  une  demarche  complementaire  de 
celle  qui  a permls  de  passer  du  cas  du  jet  unique  I 
celui  de  la  rangee  de  jets,  il  convient  done  d'eta- 
blir  des  lols  de  correlation  donnant  le  moyen  de 
passer  du  cas  de  la  rangee  unique  a celui  de  ran* 
gees  multiples. 

Injection  par  deux  rangees  rapprocheegd* events 

Dans  les  conditions  des  essais  avec 
injection  a partir  de  deux  ou  trois  rangees d* events 
disposes  en  quinconces,  indiquees  dans  le  tableau 
II,  les  modalites  d' interaction  des  jets  issue  de 
rangees  successives  different  selon  le  pas  de  per- 
qage  p et  selon  I'orientation  en  derapage  . 


Tableau  H 

Configurations  d'injection  retenues  pour  ies  essais  d'6mission 
de  film  par  deux  ou  trois  rangees  d'^vents  sur  paroi  plane 


Oo 

do 

Ca)o 

P 

2 rangees 

3 rangees 

0 

30® 

30° 

2 

+ 

+ 

90® 

45® 

90® 

3 

+ 

Lorsque  l*injection  est  effectuee  sans 
composante  de  vitesse  transversale  les 

hypotheses  du  schema  de  dilution  restent  verifiees 
si  la  largeur  libre  de  passage  entre  les  jets  reste 
au  moins  egale  k leur  diametre  initial^.,  c*est*^* 
dire  dans  le  cas  de  configurations  I 2 rangees,  si 
le  pas  p est  superieur  ou  egal  a 4.  Dans  ce  cas, 
I'efficacite  peut  etre  calculee  comme  pour  une 
seule  rangee  de  pas  moitie  du  pas  effectif. 

Pour  p^4,  le  taux  de  dilution  de  chacu* 
ne  des  rangees  est  approximativement  diminue  selon 
la  proportion-^,  de  telle  sorte  que  I'efficacite 
resultante  du  film  I 2 rangees  se  d^duit  de  celle 
du  film  a une  rangee  par  la  regie  simple  : 


17,  « 'l =.  _£J23 n = 

Ainsi,  pourfJ*.?  , chacune  des  deux 
rangdes  partlcipe  pour  moitie  au  processus  theori- 
que  de  dilution.  La  relation  correspondante  : 


est  bien  vSrifige  d'aprSs  les  rSsuItats  expSrimen- 
taux  representSs  figure  9,  dans  le  domaine 
A distance  plus  grande,  e'est-S-dire  lorsque  le 
film  devient  bidimensionnel,  la  relation  (20) 
s'applique  Sgalement  bien  S condition  d'y  introdui- 
re  comme  hauteur  de  fente  Squivalente  , au 

lieu  de  D,  . D'autre  part,  I'effet  de  penetra- 
tion qui  etait  notable  pour  les  valeurs  m ■ I et 
1,5  du  coefficient  de  soufflage  pour  le  film  issu 
d’une  seule  rangSe  est  beaucoup  moins  sensible  dans 
le  cas  de  deux  rangees. 
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Fig.  9 — Valeun  calculi  de  Fefficacit4  moyenne  tnnsversafe  et 
r^su/tats  expirimentaux.  2 rang^  rapproch^  d'6vents. 
oo  =0/A>  =30“;p  = 2 Ca/co/.-m  =(2ni)/(?  +T?t) 
6, /Do  ^ 0.2  ; ; Do  ^ Ofi  mm. 

Injection  par  deiix  ou  plusleurs  rangees  icart€eg 
jfnms  en  cascade) 


Dans  le  cas  ou  la  parol  de  I'aube  dolt 
etre  protegee  par  une  succession  de  films  emis  a 
partir  de  plusleurs  rangees  d' Events  reparties  avec 
des  ecartements  de  I'une  d I'autre  relativement 
grands  par  rapport  au  diametre  de  per^age^^,  l'e£~ 
ficacit^  resultant  des  Emissions  en  cascade  peut 
etre  prevue  tres  convenablement  selon  une  regie 
simple,  reposant  sur  I'hypothese  de  stratification 
des  films  elementaires.  Le  flux  massique  diffusant 
dans  l*uoe  quelconque  de  ces  couches  provient  pour 
I'essentiel  des  couches  ext^rieures,  de  telle  sorte 
que  la  fraction  de  diluant  resultant  pour  n €mis~ 
sions  en  cascade,  soit  -ttSL,  > est  le  produit 

des  fractions  de  diluant  des  films  superposes  : 
f s'n 

"1-7^  = 

Cette  rSgle  de  composition  des  effica- 
cites  se  tcouve  bien  confirmee  d'aprSs  de  nombreux 
rSsultats  experimentaux,  dont  deux  exemples  sont 
repr€sentes  figures  10  et  II. 

h ff/'/cscrte  d»  film,!! 


^efficKiti  rhultanti  (ctlcul) 

- ( masurts) 


0.5 


du  f 

! \axpahmantalas 

distanca  raduda  a partir  da  la  2‘rangae  xlOg 


SO 


100 


150 


200 


Pip.  10  — Effkacitt  risuttant  de  I'dmission  de  films  per  deux  rangdes  en 
cascade.  Calcul ; / — 5)  = (/  — niX^  ~ bi)- 


Efficpciti!^ 

tfficaciti  du  3‘  film  {donnees  txperimentilea) 


0.5 


tfficKili  risulUnte  (calcul) 
(mesurcc) 


^fic 

(donnits  axpcrimantales) 


cfficaciti  resultant  das  daux  1 amissions 


0 50  . 100  150 

distanca  raduita  a partir  da  la  3‘ rangaa , x/Dg 

Pip  ft  - Efficacitt  rdeulsant  da  Ptmiasion  de  films  par  3 rangdes  en  cascade. 
Calcul : 1 -rj  = i {1  - ij,). 

/•I 


Injection  par  deux  ou  plusieurg  rangees  rapprochees 
d* events, _ ay ec  upg  forte_incidence  en^derapage  or» 

Lorsque  1 'angle  de  derapage  or^  est  in^or* 
tant,  le  taux  de  dilution  des  jets  issue  d'une 
rangee  suivie  immediatement  d'une  ou  plusleurs 
autres  augments  plus  rapidement  que  dans  le  cas  ou 
0.  Dans  le  cas  extreme  ou  90*,  avec  45* 
et  3,  I'exp^rience  conduit  i une  bonne  concor* 
dance  avec  les  valeurs  de  I'efficacite  tlrees  de 
la  regie  de  composition  des  films  en  cascade 

7z  = 


ainsi  que  le  fait  ressortir  la  comparaison  presen- 
tee figure  12. 


Fig.  12  — Valeurs  calcul4es  de  FefficacM  moyenne  transversate  et 
r^suitats  expirimentaux  * 2 rang^  de  jets  rapprocMes. 
oio  ” *'  00  “ ; p = 3. 

Calcul : 1 — Vi  - U — V i)^f‘  V i ~ efficacit4  du  film 
d une  rangie. 

Xlijoction  par  trois  rangjes  rapprochees 


L' injection  par  trois  rangees  d'events 
en  quinconces  a et6  etudi^e  experimentalement  dans 
le  cas  0/^*0*,  p ■ 2.  Du  fait  que  les  jets  de  la 
rangee  aval  sont  emis  dans  le  prolongement  de  ceux 
de  la  premiere  rangee,  les  conditions  de  dilution 
sont  d partir  de  la  3eme  rangie  analogues  a celles 
du  cas  precedent  90*,  2 rangees).  Pour  les 

deux  premieres  rangees,  les  conditions  sont  equi- 
valentes  I celles  des  films  ^ deux  rang§es,  ce  qui 
conduit  d combiner  les  regies  enonedes  pour  les 
deux  cas  : 


avec 


d*ou 


La  validity  de  cette  relation  ressort 
de  la  comparaison  presentee  figure  13  entre  les 
valeurs  calculSes  et  expdrimentales  de  , 

^ I Efficacita  moyenne  transversalelEs 


distanca  raduite  a partir  de  la  rangee 
intarmadiaire.  x/Dg  

0 10  20  30  40  50 

Fig.  13  — Valeurs  calcul4es  de  reffkaciti  du  film  4mis  par  trois  rar}g4es 
en  quifKOnces  et  rieultats  exp4rimenteux. 

Oq  * D /'  = 3Ct p ^ 2 s'  Do  * ^ mm. 

Calcul : 1 - if,  =(>  - v,)*Pi1  + ifi) 

(n  1 = efficacitd  du  film  i une  ranpda\  Si /Do  = 0.124  ; 
ft,  = 


7*. 

^-Vi 


-iVn 
■4  * ye 

(.-d-yS 

-1*7-1 
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Injection  par  un  gran^  nombre  de  rangees  reparties 

Les  conditions  de  refroidissement  les 
plus  efficacea  d'une  paroi  exposee  au  flux  de  con'~ 
vection  de  gaz  chauds  sont  obtenues  par  injection 
de  refrigerant  d travers  une  multiplicite  d'events 
repartis  en  quinconce.  L'experience  montre  qu'il  y 
a generalement  avantage  S retenir  un  espacement  de 
6 a 8 diametres  entre  les  events.  Bien  que  le 
transfert  par  convection  au  sein  des  perforations 
soit  preponderant  dans  le  bilan  de  refroidissement, 
le  film  forme  par  les  injections  multiples  a une 
efficacite  adiabatique  appreciable  , qu'il  est 
utile  de  pouvoir  predire  dans  les  conditions  impo~ 
sees  par  les  servitudes  de  tenue  mecanique  des 
aubes . 

En  raison  de  1* espacement  relativement 
and  des  orifices  d'injection,  il  y a lieu  d'une 
part  de  distinguer  les  films  emis  par  les  rangees 
impaires  1,  3,  3 ...  et  les  rangees  paires  2,  4, 

6 ...»  et  d'autre  part  d'appliquer  la  regie  de 
composition  des  efficacites  de  films  en  cascade 
aux  films  elementaires  alimentes  par  chacune  des 
files  d'events,  appartenant  soit  a une  rangee 
impaire  soit  ^ une  rangee  paire.  La  valeur  moyen- 
ne  transversale  de  chacun  des  films  est  I prendre 
sur  un  quart  de  pas,  et  non  sur  un  demi*~pas  comme 
precedemment. 

Suivant  cette  approche,  la  relation 
donnant  I'efficacite  au-dela  de  tn  rangees  d'ordre 
impair  et  ti  (compris  entre-m-l  et^*i+l)  rangees 
d'ordre  pair  s'ecrit  : 


Fig.  74  — Valeurs  catcul4es  cfe  I'efficacite  de  film  e emission  repartie 
par  rangees  multiples  et  resultats  experimentaux. 

OLa  = 0 . - 30^  ; Dq  = 0,6  mm. 


les  efficacites  moyennes  et  etant  deduites 
de  celles  du  jet  unique  par 


Les  conditions  d'injection  aux  faibles 
valeurs  du  coefficient  de  soufflage  generalement 
adoptees  dans  le  refroidissement  par  emission  a 
travers  des  perforations  multiples  s'ecartent  tou- 
tefois  sensiblement  de  celles  pour  lesquelles  les 
hypotheses  de  calcul  de  et  sont  verifiees. 
Afin  de  tenir  compte  de  cette  particularite , il 
convient  d'affecter  la  valeur  de  "y  d'un  coeffi- 
cient d'attenuation 


*f  etant  seulement 
soufflage. 


fonction  du  coefficient  de 


Les  valeurs 
satisfaisant  avec  les 
nus  pour  m ■ 0,13  a 
des  events  egal  a 4(6 


ainsi  calculees  sont  en  accord 
resultats  experimentaux  obte- 
* 0,6,  avec  un  espacement 
ou  8 (figure  1 4) . 


5.-  AUTRE S FACTEURS  A PRENDRE  EN  COMPTE  EN  VUE  DE 
L'APFLICATION  A LA  PROTECTION  THERMIQUE  DES 
AUBES  DE  TURBINES 


Les  schemas  de  calcul  presentes  ci-dessus 
se  rapportent  au  cas  d'emisslon  de  films  sur  paroi 
plane.  Xls  ne  prennent  en  compte  ni  1' influence  de 
la  turbulence  de  I'ecoulement  exterieur,  ni  celle 
de  la  nature  de  la  couche  limite  incidente.  A ces 
facteurs  particulierement  importants  lorsqu' inter- 
vient  un  decollement  de  la  couche  limite  s'ajoutent 
ceux  qui  sont  lies  a la  courbure  des  aubes  et  aux 
gradients  longitudinaux  de  pression.  Les  develop- 
pen^nts  auxquels  conduirait  leur  prise  en  conside- 
ration sortiraient  toutefois  du  cadre  du  present 
expose. 

Selon  les  donnSes  actuellement  disponi- 
bles,  il  n'apparait  pas  que  les  effets  de  la  turbu- 
lence et  ceux  des  decollements  de  couche  limite  sur 
I'efficacite  de  protection  par  film  puissent  etre 
pris  en  compte  au  moyen  de  rdgles  de  correlations 
assez  generales. 

En  revanche,  les  effets  de  courbure  de 
la  paroi  peuvent  etre  assez  bien  representes 
lorsque  les  gradients  de  pression  longitudinaux 
sont  negatif8(cas  d'un  extrados)  ou  modSres  (cas 
d'un  intrados) . 

L' analyse  elementaire  de  ces  effets 
peut  etre  abordee  d'apres  le  sens  des  forces  centri- 
fuges s’exerqant  dif ferentiellement  sur  les  parti- 
cules  de  fluide  chaud  ou  refrigerant  ; I'effet 
resultant  fait  intervenir  la  difference  entre  les 
quantites  de  mouvement  respectives  des  deux  flux 
[14].  Il  est  possible  de  deduire  de  cette  approche 
des  regies  simples  de  prevision  de  la  variation 
correspondante  du  taux  de  dilution,  done  de  I'effi- 
cacite . 
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6.-  CONCLUSION 


La  mise  en  oeuvre  d'une  modelisation 
simple  du  processus  tridimensionnel  d' interaction 
de  jets  avec  un  Scoulement  transversal  a pennls  de 
decrlre  assez  fldelement  le  melange  progresslf 
auquel  donne  lieu  I'^lsslon  d'un  film  refrigerant 
par  une  ou  plusleurs  rangees  d*ori£lces  discrete. 
Moyennant  une  caracterlsation  analytlque  de  la 
structure  tourblllonnalre  assoclee  a la  penetration 
des  jets  elementalres , la  lol  de  dilution  du  film, 
conduisant  i la  prevision  de  son  efficacite  adia* 
batique,  peut  etre  etablie  et  adaptee  aux  diverses 
configurations  d*injection  compte  tenu  de  I'influ- 
ence  du  pas  de  perqage  des  events,  du  nombre  et  de 
I'espacement  des  rangees  et  de  la  coalescence  des 
jets.  Far  rapport  aux  resultats  experimentaux  sur 
parol  plane,  les  previsions  ainsi  formulees  sont  en 
bon  accord,  les  ecarts  observes  etant  au  plus  de 
I'ordre  des  incertitudes  de  mesure. 
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DISCUSSION 


C.H.Priddin,  UK 

You  seem  to  have  quite  a good  method  for  calculating  effectiveness  at  some  conditions.  Could  you  please  give  the 
numerical  limits  of  blowing  rate  (and  pitch/diameter  ratio)  within  which  you  would  claim  good  accuracy? 

Author’s  Reply 

The  proposed  model  has  been  checked  with  good  accuracy  in  regard  to  our  experimental  results  in  the  range  of 
blowing  rate  and  pitch/diameter  parameters  which  are  of  interest  for  applications  to  film  cooling  of  turbine  blades 
or  vanes: 


Blowing  rate 
Pitch/diameter 


m = 0.15tom  = 2 
p = 2 to  p = 8 
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THE  EFFECT  OF  FREE-STREAM  TURBULENCE  UPON  HEAT  TRANSFER  TO  TURBINE  BLADING 

by 
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SUMMARY 

This  report  describes  an  initial  investigation  of  the  separate  effects  of  free  stream 
turbulence  intensity  and  frequency  upon  the  local  heat  transfer  to  a heavily  loaded  gas 
turbine  blade  section.  It  is  shovm  that  over  the  whole  blade  the  rate  of  heat  transfer  is 
significantly  increased  by  both  these  parameters,  with  the  pressure  surface  showing  the 
greatest  response  and  the  downstream  half  of  the  suction  surface  the  least. 


R.W.  Milligan 

Formerly  ofUniv.  of  Sussex 
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INTRODUCTION 


In  view  of  their  importance  in  determining  the  life  of  gas  turbine  blading,  the 
comparative  rarity  in  the  literature  of  data  on  local  heat  transfer  rates  from  the  main  gas 
stream  to  representative  blade  sections  is  surprising.  There  are  two  possible  explanations 
for  this  situation:  First,  the  difficulty  of  measuring  reliably  the  local  heat  transfer 
coefficients,  particularly  in  the  real  engine  environment:  and  second,  the  problems  of 
reproducing  and  indeed  defining,  the  relevant  characteristics  of  the  engine  flow  for 
laboratory  investigations  of  the  heat  transfer  process. 

Turbine  rotor  blades,  which  represent  the  most  critical  heat  transfer  situation  in  terms 
of  engine  reliability,  rotate  at  speeds  up  to  15000  rev/min  in  the  wakes  of  a hundred  or  so 
stationary  blades,  upstream  of  which  again  there  is  a combustion  system  employing  inevitably 
a highly  turbulent  mixing  process  between  primary  and  secondary  air  streams.  It  is  well 
established  that  convective  heat  transfer  to  even  the  simplest  geometrical  surfaces  is 
susceptible  to  turbulent  perturbations  in  main  stream  flow;  what  is  not  known,  certainly  for 
complex  time-mean  flows  associated  with  modern  heavily  loaded  gas  turbine  blading,  with  its 
sharp  accelerations  and  curvature,  are  the  precise  roles  in  their  effects  upon  heat  transfer 
of  the  parameters  which  characterise  the  fluctuations  in  the  real  flow  in  an  engine. 

This  paper  reports  an  initial  experimental  study  made  in  the  Mechanical  Engineering 
Laboratories  of  the  University  of  Sussex  with  the  objective  of  eliciting  the  relative  effect 
of  twc  of  the  parameters  which  at  least  are  required  to  characterise  the  variations  in  a 
real  gas  flow;  the  amplitude  of  velocity  variation,  represented  by  turbulence  intensity 
and  its  frequency. 

2.0  EXPERIMENTAL  TECHNIQUE 

Turner  (1)  showed  how,  by  utilising  the  modern  high-speed  digital  computer,  the  heat 
transfer  coefficients  around  a turbine  blade  (or  indeed,  any)  section  could  be  reliably 
determined  from  measurements  of  surface  temperature  and  a knowledge  of  the  internal  heat 
transfer  conditions.  He  showed  that  finite-element  numerical  Laplacian  conduction 
equations,  with  insertion  of  the  internal  boundary  conditions  of  heat  transfer  in  cooling 
air  passages  in  the  blade  section,  and  the  distribution  of  external  blade  surface 
temperature,  yielded  stable  values  of  the  external  gas-to-blade  heat  transfer  coefficient. 
The  procedure  was  sensitive  enough  to  indicate  clearly,  as  demonstrated  in  reference  (1), 
the  sharp  change  in  heat  transfer  coefficient  associated  with  transition  from  a laminar  to 
turbulent  boundary  layer  on  the  nozzle  blade  used  for  that  work. 

In  the  present  programme  Turner's  procedure  has  been  used  to  determine  the  local  gas  to 
blade  heat  transfer  coefficients  on  the  cascade  of  modern  rotor  blades  shown  in  Fig.l  and 
Fig.  2 shows  typical  distributions  of  surface  temperature  as  observed  in  the  tests.  The 
corresponding  distribution  of  heat  transfer  coefficient  at  an  outlet  Reynolds  number, Re,  of 
7.74  X 10  ^s  shown  as  Fig. 3,  in  which  on  this  more  heavily  loaded  section  than  Turner's 
nozzle  blade,  the  transition  to  turbulence  is  clearly  indicated  at  about  the  50%  position  on 
the  suction  surface,  which  corresponds  to  the  point  of  maximum  velocity. 

2 . 1 The  turbulence  Generator 


The  results  shown  as  Fig.  2 and  3 were  obtained  from  the  centre  blade  of  the  cascade  of 
three  blades,  79mm  span  and  64mm  chord  mounted  at  a pitch/chord  ratio  of  0.78  downstreeun  of 
a contraction  in  a wind  tunnel  which  produced  a mean  velocity-time  variation  of  less  than 
one  per  cent.  For  the  main  programme  a series  of  turbulence  generators  was  fitted  between 
the  contraction  and  the  cascade,  and  the  mechanical  development  and  calibration  of  these 
represented  a major  part  of  the  present  programme. 

In  essence  the  turbulence  generators  were  conceived  as  squirrel  cages  in  which  the 
intention  was  to  vary  the  turbulence  intensity  developed  by  using  a range  of  bar  diameters 
and  the  frequency  of  velocity  fluctuations  through  the  rotational  speed.  Originally  two 
contra-rotating  cages  were  used  so  that  effects  of  downwash  from  each  would  be  mutually 
cancelled  and  thus  not  distort  the  time-mean  velocity  distribution  at  the  cascade  entry. 

In  practice  velocity  traverses  downstream  of  a single  cage  showed  an  acceptably  uniform 
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distribution,  and  this  observation,  together  with  the  excessive  power  required  to  rotate 
the  two  cages  in  the  full  flow  through  the  tunnel,  to  say  nothing  of  continual  problems 
with  the  gearing, led  finally  to  the  adoption  of  a single  cage  design.  A 3.75kW  electric 
motor  with  an  infinitely  variable  speed  control  drove  the  cage  at  speeds  up  to  15CXX)  rev/min, 
although  to  achieve  this  performance  involved  considerable  mechanical  development  of  the 
bearings  and  the  bar  support  arrangements.  Table  I gives  the  geometrical  arrangements  and 
corresponding  maximum  bar  passing  frequencies  of  each  of  the  cages  tested. 


CAGE 

BAR  DIAMETER 

NUMBER 

TABLE  I 

AND  CIRCUMFERENTIAL  PITCH 

MAX.  FREQUENCY 

1 

2 . 3mm 

60 

- 2 rows  staggered  at  12mm 

ISkHz 

2 

7 . 9mm 

6 - 40  mm 

1.5 

3 

4 . 8mm 

20-12  mm 

5 

4 

6 . 4irm 

20-12  mm 

5 

2 . 2 Characteristics  of  the  Generated  Turbulence 


The  turbulence  characteristics  from  the  generator  cages  of  Table  I were  determined  in  a 
long  series  of  calibration  tests  made  over  a range  of  rotational  speeds  and  gas  stream  rates 
of  flow  using  conventional  anemometry.  Considerable  difficulty  was  experienced  with  probe 
breakage  in  the  highly  turbulent  flows  used  and  this  problem  has  limited  the  range  of  data 
at  present  available.  In  particular  X-array  probes  were  not  found  suitable  and  most  of  the 
tests  were  made  with  standard  miniature  single  wire  probes  with  the  wire  axes  normal  to 
the  flow  so  that  directional  resolution  of  the  perturbctions  was  consequently  not  possible. 
The  output  from  the  probes  was  recorded  on  magnetic  tape  for  subsequent  analysis. 

Although  some  investigations  of  the  length  scales  and  energy  content  of  the  turbulence 
signals  were  made,  the  analysis  has  concentrated  almost  wholly  upon  what  were  seen  as  the 
two  principle  parameters  in  this  initial  investigation  of  the  effects  of  the  main  stream 
turbulence  upon  heat  transfer  distribution.  These  were  the  root  mean  square  turbulence 
intensity  and  the  frequency  spectra. 

The  turbulence  intensities  from  the  squirrel  cages  used  in  the  present  work  were 
found  to  be  remarkably  constant.  Over  the  full  mass  flow  range  of  about  3:1  turbulence 
intensities  varied  in  each  case  by  about  one  percentage  point  either  side  of  the  mean 
value,  with  no  consistent  trend;  cage  (3)  (20  x 4.8mm  bars), for  example  showed  a slightly 
rising  trend  with  mass  flow  while  cage  (1)  (60  x 2.4mm),  showed  the  opposite  tendency. 

The  effect  of  rotational  speed  was  for  three  of  the  cages  equally  small  as  shown  in 
Fig.  4,  in  which  the  observed  mean  turbulence  intensities  are  plotted  against  this 
parameter  in  each  case.  The  exception  is  cage  (4)  (20  x 6.4mm)  bars  which  gave  the 
highest  mean  turbulence  intensity,  but  declining  from  about  47%  at  2000  rev/min  to  about 
36  at  12000  rev/min. 

The  measurements  shown  in  Fig.  4 were  made  in  the  flow  at  a distance  of  46rom 
downstream  of  the  turbulence  generator,  which  coincided  with  the  plane  of  the  blade 
leading  edges  when  the  cascade  was  in  position  for  the  heat  transfer  tests.  Measurements 
at  different  streamwlse  positions  in  the  tunnel  showed  the  turbulence  intensity  to  decrease 
as  about  the  0.8  power  of  the  grid  to  probe  distance.  Traversing  the  anemometer  probe  across 
the  tunnel  indicated  that  the  intensity  of  turbulence  was  vary  uniform  across  the  fluid 
stre2un. 

The  frequency  spectra  of  the  turbulence  signals  from  the  anemometers  were  derived  using 
a computer  progr^unme  developed  in  the  Department  of  Engineeririg  Science  of  the  University 
of  Warwick.  Examples  from  the  many  signals  analysed  from  each  of  the  cages  are  given  as 
Fig.  Sa,b,c,d.  These  are  represented  as  p>ower  spectral  densities,  in  which  the  power, 
corresponding  to  the  squared  velocity  fluctuations,  is  given  over  the  full  range  of 
frequencies  determinable  from  the  signal.  This  is  limited  by  the  digitisation  of  the 
continuous  signal  on  the  tape,  but  covers  the  range  of  Interest  in  the  present  work,  up 
to  15kHz.  In  these  figures  the  power  is  given  as  the  ordinate  at  each  frequency  analysed, 
which  is  in  fact  the  median  of  a finite  seunpllng  bandwidth. 

From  Fig.  5b  it  can  be  seen  that  cage  2 with  only  6 bars,  8mm  in  diameter  gave  a power 
spectrum  with  a clearly  Identifiable  dominant  frequency  corresponding  to  the  bar  passing 
rate,  and  analysis  of  all  the  signals  obtained  showed  a similar  result  from  each  cage. 

In  the  cages  with  the  smaller  bars  this  effect  did  not  persist  far  downstream,  however, 
and  cage  1,(60  x 2.4mm  bars)  yielded  a frequency  spectrum  with  no  salient  frequency  at  the 
blade  leading  edges,  as  shown  in  Fig.  5a,  and  indeed  little  effect  of  frequency  at  all  at 
this  point.  The  few  spatial  correlations  made  suggested  that  the  length  of  scales  of  the 
turbulence  were  consistent  with  bar  size,  and  the  more  rapid  decay  of  the  initially 
dominant  modes  from  the  smaller  bars  of  cage  I might  reasonably  have  been  anticipated.  The 
two  intermediate  cages  showed  dominant  frequencies  at  the  blade  leading  edges  although  in 
the  case  of  cage  4 (fig.  5d)thls  appeared  principally  at  half  bar  passing  frequency  while 
cage  3 (Fig,  5c)  showed  additional  harmonics.  These  observations  are  not  easily  explained 
but  the  totality  of  these  results  shows  that  the  principal  objective  of  this  part  of  the 
work  has  (seen  achieved;  neunely  the  attainment  of  a series  of  turbulent  flows  in  which 
turbulence  intensity  and  frequency  characteristics  are  separately  variable. 
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3.0  HEAT  TRANSFER  PERFORMANCE 

3.1  Low  Turbulence  Data 


To  provide  a base  against  which  to  compare  the  heat  transfer  coefficients  In  the 
strecuns  with  turbulence  levels  artlflcally  Increased  by  the  generators,  a series  of 
tests  was  undertaken  over  the  full  range  of  flows  available  to  the  tunnel.  In  the 
air  stream  which  was  delivered  from  the  blower  at  lOO'C  and  with  the  blade  chord  of 
64mm  this  correponded  to  outlet  Reynolds  numbers.  Re,  from  about  3 x lO^to  lO”  and  exit 
Mach  numbers,  M from  0.25  to  0.8. 

A representative  set  of  heat  transfer  distributions  around  the  blade  section  for  this 
range  of  variables  Is  shown  as  Figure  6.  Although  these  follow  generally  anticipated 
patterns  there  are  nevertheless  noteworthy  features. 

First,  the  fairly  regular  fluctuations  In  heat  transfer  coefficient  with  chordwlse 
position  have  been  observed  over  the  full  range  of  flow  conditions,  not  only  In  the  present 
experimental  programme,  but  on  all  the  blade  sections  Investigated.  This  effect,  first 
observed  by  Turner  (1)  was  at  one  time  attributed  to  the  analytical  technique  used  to 
derive  the  heat  transfer  coefficients,  but  variations  In  the  finite  element  mesh  and 
the  disposition  of  Internal  cooling  passages  has  not  produced  any  substantial  change  In 
this  pattern.  A similar  effect  has  also  been  observed  when  coefficients  have  been 
derived  by  an  entirely  different  experimental  and  analytical  procedure  involving  the 
measurement  of  the  temperature  difference  across  a blade  section  manufactured  as  a thin- 
walled  (about  1mm)  shell  from  a material  of  suitable  thermal  conductivity.  It  is 
difficult  to  see  this  'geometric'  fluctuation  in  heat  transfer  as  other  than  a random 
effect  arising  from  no  immediately  obvious  fluid  dynamic  situation,  especially  since 
it  was  observed  similarly  in  the  tests  with  applied  mainstream  turbulence  , generally  with 
a comparable  amplitude  about  the  mean  value. 

A second  noteworthy  feature  of  the  low  turbulence  heat  transfer  data  of  Figure  6 
concerns  the  laminar-turbulent  transition  region  on  the  suction  surface  of  the  blade. 
Generally  this  occurs  as  a well-defined  Increase  in  heat  transfer  coefficient  at  about 
50  per  cent  along  the  suction  surface.  At  the  two  highest  Reynolds  numbers  used  in  the 
test  programme,  however,  the  transition  is  less  sharp  and  occurs  further  downstream  on 
the  suction  surface.  This  unexpected  observation  has  the  effect  on  the  average 
coefficient  for  the  whole  section  shown  in  Figure  7 which  varies  little  over  the  range 
of  Reynolds  numbers  tested.  Indeed  the  downstream  half  of  the  suction  surface  (S2  ) 
exhibits  a clear  maximum  heat  transfer  rate  at  a Reynolds  number  of  about  7 x 10^  , 
while  the  upstream  section  (SI  ) shows  a steady  decline  in  heat  transfer  with  Reynolds 
number  as  the  transition  region  moves  away  from  this  part  of  the  blade  surface.  The 
leading  edge  radius  and  the  pressure  surface  show  more  conventional  variations  in  heat 
transfer  with  mainstream  Reynolds  numbers,  each  varying  as  approximately  the  one-half 
power  of  this  parameter,  as  would  be  anticipated  for  laminar  boundary  layers.  The 
coefficients  in  these  regions  and  the  average  for  the  whole  section,  agreed  satisfactorily 
with  the  few  comparable  published  data. 


3.2  Effects  of  Malnstreeun  Turbulence 


Figure  8 shows  a typical  distribution  of  heat  transfer  coefficient  around  the  blade 
section  for  one  of  the  higher  turbulence  intensities  used  in  the  present  progrcimme,  and 
may  be  compared  with  the  curve  shown  as  Pig. 3.  The  heat  transfer  coefficient  is  seen 
to  be  generally  Increased,  by  up  to  three  times  on  the  pressure  surface,  and  by  only  a 
little  less  in  the  leading  edge  region.  On  the  suction  surface  the  changes  are  more 
complex;  the  average  coefficient  in  this  region  is  relatively  little  changed,  although 
as  will  be  shown,  there  are  marked  differences  between  the  upstreeun  and  downstream 
surfaces.  At  this  stage,  the  most  striking  observation  is  the  suppression  by  the  high 
mainstream  turbulence  of  the  clearly  identified  transition  point  associated  with  the 
undisturbed  stream. 

For  a more  detailed  comparison  between  all  the  observations  in  the  total  programme, 
the  measured  heat  transfer  coefficients  have  been  normalised  by  division  by  the  low 
turbulence  coefficient  at  the  corresponding  Reynolds  number.  Figure  9 represents 
all  the  results  obtained  and  shows  the  normalised  mean  coefficient  around  the  whole 
section  plotted  against  the  bar  passing  frequency,  that  is  the  product  of  the  number  of 
bars  and  the  rotational  speed,  for  each  of  the  turbulence  generating  grids  tested.  There 
appears  to  be  a marked  effect  of  this  pareuneter,  particularly  at  the  higher  intensities 
of  turbulence.  Even  with  the  lowest  intensity  of  No.  1 grid  there  appears  to  be  a small, 
but  distinct,  variation  with  frequency,  although  it  must  be  remembered  that  with  this 
grid  no  predominant  frequency  appeared  in  the  power  density  spectrum  at  the  blade 
leading  edges. 

The  spread  of  results  in  Figure  9 is  attributable  to  the  effect  of  mainstream  Reynolds 
number  which  was  not  entirely  removed  by  the  normalising  procedure;  in  general  it  appeared 
that  the  increased  turbulence  had  less  effect  at  the  highest  Reynolds  numbers  at  the 
leading  edge,  on  the  pressure  surface  and  on  the  downstream  half  of  the  suction  surface (S2) 
while  on  the  upstream  half  (SI)  the  converse  was  true.  These  effects,  however,  were  not 
conclusively  observed,  and  were  at  times  within  the  limits  of  experimental  error. 

Figures  10a, b,c  and  d show  the  effects  observed  with  each  of  the  turbulence 
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generating  grids  over  the  four  "principal  regions  into  which  the  blade  profile  was  divided 
for  detailed  examination.  In  this  figure  the  average  normalised  coefficients  are  shown 
for  each  Reynolds  number  tested.  The  heat  transfer  at  the  leading  edge  of  the  blades 
is  seen  to  be  doubled  with  the  highest  turbulence  intensities,  at  which  conditions  also 
there  is  a noticeable  effect  of  bar  passing  frequency.  This  parameter  affects  the  heat 
transfer  rates  over  the  pressure  surface  even  more  markedly  and  here  also  the  greatest 
increase  due  to  the  turbulence  intensity  alone  was  found,  with  almost  five  fold  increase 
in  coefficient  at  the  most  severe  conditions. 

The  smallest  effect  of  turbulence  was  found  in  the  downstream  half  of  the  suction 
surface,  although  there  appeared  again  to  be  a small  effect  of  frequency  at  the  higher 
intensities.  The  normalised  values  appreciably  less  than  unity  which  were  observed  in  some 
cases  are  a consequence  of  the  retarded  and  even  suppressed  rise  in  heat  transfer 
associated  with  the  laminar-turbulent  transition.  The  upstream  half  of  the  suction 
surface,  where  the  pressure  gradient  and  surface  curvature  are  greatest,  showed  effects  of 
both  frequency  and  amplitude  generally  between  the  extremes  of  the  pressure  surface 
and  the  rear  suction  surface. 


4.0  CONCLUSIONS 


The  following  principal  conclusions  may  be  drawn  from  the  present  work: 

1 .  The  squirrel  cage  type  turbulence  generator  described  in  this  paper  has  been  shown  to 
produce  mainstream  flows  at  entry  to  a cascade  of  turbine  blades  with  separately  vari- 
able turbulence  intensities  and  frequency  characteristics. 


2.  The  low  turbulence  heat  transfer  performance  of  the  blade  section  investigated  has  been 
shown  to  follow  the  trends  associated  with  laminar  boundary  layers,  certainly  on  the 
pressure  surface  and  around  the  leading  edge. 


3.  The  local  heat  transfer  rates  on  the  suction  surface  in  the  unperturbed  mainstream 
showed  a clear  transition  to  turbulence  near  the  maximum  velocity  point  for  most  of 
the  experimental  range,  but  the  transition  region  moved  downstream  and  became  more 
extended  at  the  highest  exit  Reynolds  numbers  used,  9 - 10  x 10^. 


4.  The  average  heat  transfer  coefficient  around  the  blade  section  was  observed  to 

increase  with  turbulence  intensity  and,  especially  at  the  higher  intensities,  with 
the  dominant  frequency. 


5.  The  pressure  surface  of  the  blade  was  most  affected  by  the  variations  in  both 
turbulence  intensity  and  frequency;  the  upstrecim  half  of  the  suction  surface  and 
the  leading  edge  radius  were  little  less  affected  but  the  downstream  suction  surface 
where  a mainly  turbulent  boundary  layer  exists  even  with  a low-turbulence  mainstream 
responded  less  to  either  frequency  or  intensity. 

6.  Further  work  is  clearly  required  in  this  technologically  crucial  area  of  artifically- 
generated  turbulent  flows.  In  particular  the  effects  of  frequency  at  the  lower 
intensities,  which  will  prevail  in  many  practical  situations,  need  to  be  examined. 

This  is  now  being  done  with  the  present  apparatus  by  modifying  it  to  operate  with 
the  cascade  of  blades  nearer  the  turbulence  generator.  In  addition  further  work  is 
required  on  the  analysis  and  classification  of  the  turbulent  flows  by  determining  the 
length  and  time  scales  with  more  certainty  than  has  so  far  been  possible,  and  to 

see  whether  these  correlate  with  the  heat  transfer  data.  Further  it  seems  important 
to  extend  the  Reynolds  number  range  of  the  test  programme  to  nearer  engine  conditions 
to  see  if  presently  observed  effects,  at  high  and  low  turbulence  intensities,  persist. 
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Fig.3  Typical  distribution  heat  transfer  coefficient  with  background  turbulence  (Tu  < 1%) 


GRID  No.  I 
GRID  No.2 
GRID  No  3 Low  flow 
GRID  No.  3 Repeat 
GRID  No. 3 Max. flow 
GRID  No.4 


gggmpp. 


6000  8000  iOOOO  12000  14000 

GRID  ROTATIONAL  SPEED,  r.p.m. 
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Fig.S(d)  Auto-spectrum  of  hot  wire  signal  for  Grid  No.4 


Fig.6  Distributions  of  heat  transfer  coefficients  withf 
low  background  turbulence  - datum  tests  : 
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Fig.7  Variation  with  Rj  of  blade  region  mean  h.t.c.’s 
with  no  applied  turbulence  (Tu  < 1%) 
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Fig.8  Distribution  of  heat  transfer  coefficient  in  highly  turbulent  flow  (Tu  = 37%) 
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DISCUSSION 


J. Francois,  France 

Nous  avons  eu  dans  difKrents  exposes  des  rSsultats  tres  diff6rents  sur  I’effet  de  la  turbulence  sur  les  coefficients 
d'echange.  Mr  Schultz  a montre  une  augmentation  notable  entre  0 et  4%,  Mr  Martin  un  effet  tres  faible  entre  4 et 
9%  et  vous-meme  un  triplement  du  coefficient  d’echange  a 37%.  Votre  opinion  est-elle  que  nous  ne  pouvons  tirer 
aucune  conclusion  de  ces  resultats  si  nous  ne  connaissons  pas  la  nature  de  la  turbulence?  ou  cette  nature  n’intervient- 
elle  que  pour  les  tres  forts  niveaux  de  turbulence? 

Author’s  Reply 

The  turbulent  flows  of  Dr  Schultz  and  Prof.  Martin  were  almost  certainly  isotropic  and  I would  expect  that  their 
observations  would  be  quite  different  from  those  in  the  very  intense  and  highly  characterised  'Tc'ws  we  have 
examined  in  this  work.  I believe  that  this  shows  that  it  would  be  indeed  dangerous  to  draw  general  conclusions 
about  the  effect  of  free  stream  turbulence  without  having  detailed  knowledge  of  its  characf  jristics. 


M.Pianko,  France 

( 1 ) A quelle  distance  etaient  placees  les  aubes  des  generateurs  de  turbulence? 

(2)  Par  quel  procede  avez-vous  mesure  la  turbulence? 

(3)  Les  coefficients  d’echanges  thermiques  etaient-ils  mesures  ou  calcules? 

(4)  Avec  quelle  precision  estimez-vous  avoir  vos  coefficients  d’echanges  thermiques? 

Author’s  Replies 

(1)  46  mm. 

(2)  With  a single  hot  wire  anemometer. 

(3)  Heat  transfer  coefficients  were  calculated  by  a finite  element  analysis  using  the  measured  blade  surface 
temperatures  as  boundary  conditions. 

(4)  This  is  a difficult  question  to  answer  since  the  calculated  coefficients  are  sensitive  to  accuracy  of  surface 
temperature  measurement.  My  belief  is  that  they  are  certainly  within  ten  per  cent. 


G.Winterfeld,  Germany 

When  changing  the  turbulence  level  by  varying  the  rod  diameters,  there  is  a change  in  characteristic  length  of  turbu- 
lence. Did  you  observe  an  influence  of  this  characteristic  length  on  the  heat  transfer  rate? 

Author’s  Reply 

We  are  not  able  to  observe  the  turbulence  scale  with  our  single  wire  anemometer,  but  we  could  expect  there  to  be  a 
link  between  the  scale  of  the  turbulence  and  the  frequency  (even  if  not  the  obvious  frequency  x scale  = velocity). 
Thus  our  observations  of  the  effect  of  frequency  suggest  that  there  will  be  a related  effect  of  scale. 


E.E.Covert,  US 

Did  you  see  any  effects  of  intermittency  on  your  data  at  the  highest  turbulence  level?  We  have  found  some 
anomalous  fluctuating  pressure  coefficients  may  be  attributed  to  intermittency  at  high  turbulent  levels. 

Author’s  Reply 

No,  our  investigation  of  the  turbulence  signals  has  not  so  far  been  detailed  enough  for  us  to  observe  either  of  the 
phenomena  to  which  you  refer.  In  our  future  investigations  we  shall  certainly  bear  them  in  mind. 


R.Eggebrecht,  Germany 

The  wavy  distribution  of  heat  transfer  coefficient  you  have  shown  may  well  have  importance  for  the  blade  cooling 
design  engineer  if  this  phenomenon  is  really  based  on  a physical  mechanism  within  the  boundary  layer.  We  could 
observe  similar  patterns  when  we  applied  a finite  element  program  we  refer  to  in  Paper  No.6.  We  found  that  it  is 
necessary  to  apply  a mathematical  smoothing  procedure  which  however  still  forces  the  temperature  distribution  to 
follow  the  measured  temperature  points.  I noticed  that  your  temperature  distribution  given  in  Figure  2 is  not 
‘smoothy’  in  this  sense. 

We  found  furthermore,  that  these  numerical  methods  are  sensitive  to  the  choice  of  grid  size  and  get  further  improve- 
ment by  using  a very  fine  finite  element  mesh. 


My  question  Anally  is:  Did  you  try  to  verify  the  wavy  distribution  by  bound.sry  layer  calculations? 
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Author's  Reply 

You  raise  a very  important  question,  and  the  short  answer  is  No,  we  have  not  been  able  to  verify  (or  otherwise)  by 
fluid  mechanical  analysis  the  ‘wavy’  heat  transfer  distribution.  We  have,  however,  varied  our  finite  element  grid  size, 
and,  indeed,  used  a quite  different  technique  of  measuring  the  distribution  of  heat  transfer  coefficient,  and  have  still 
not  removed  the  geometrical  fluctuations. 


D.K.Hennecke,  Germany 

In  order  to  understand  the  effects  of  turbulence  on  the  heat  transfer  in  the  various  sections  of  the  blade,  one  would 
have  to  know  the  variation  of  the  turbulence  as  the  flow  passes  through  the  cascade.  Do  you  plan  to  measure  this? 

Author’s  Reply 

This  is  a key  point  with  which  we  wholly  concur.  We  are  currently  making  plans  for  a laser-doppler  investigation  of 
the  variation  of  turbulence  through  the  blade  passage. 


D.L.Schultz,  UK 

I have  three  comments  to  make: 

( 1 ) We  have  in  fact  measured  the  turbulence  level  in  the  passage  of  cascade  and  found  that  the  turbulence  level 
was  in  fact  reduced  by  approximately  the  amount  expected  from  the  acceleration. 

(2)  It  would  now  be  well  worthwhile  for  Sussex  to  use  the  pitot  pressure  fluctuation  method  outlined  by 
Mr  Le  Bot. 

(3)  An  alternative  to  the  hot  wire  in  such  adverse  environments  is  a circular  cylinder  on  which  the  leading  edge 
heat  transfer  rate  is  measured.  There  has  been  a great  deal  of  experimental  work  done  on  this  and  quite  satis- 
factory correlations  available  for  the  enhancement  of  the  heat  transfer  rate  due  to  free  stream  turbulence. 
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SUMMARY 

In  this  paper  a selection  of  experimental  results  is  presented  which  illustrates 
the  influence  of  rotation  on  heat  transfer  in  tubes  which  rotate  about  an  axis  either 
parallel  to  or  perpendicular  to  the  central  tube  axis.  It  is  demonstr^jted  that  Coriolis 
and  centripetal  inertial  effects  can  significantly  alter  the  heat  transfer  characteristics 
in  relation  to  the  non-rotating  case. 


INTRODUCTION 

Reliable  operation  of  many  prime  movers,  notably  gas  turbines,  is  dependent  upon  the 
provision  of  adequate  cooling  for  certain  crucial  rotating  components.  In  this  respect 
the  compressor  and  turbine  discs  are  notable  examples  as  are  the  rotor  blades  of  the 
turbine  stages.  In  some  instances  cooling  of  rotating  components  may  be  effectively 
achieved  by  circulating  coolant  over  the  external  surfaces  of  the  component  itself.  To 
exemplify , turbine  discs  may  be  cooled  by  the  radially  outward  flow  of  relatively  cool 
air  forced  between  the  disc  and  the  neighbouring  casing.  However  a number  of  instances 
occur  in  practice  where  the  coolant  is  circulated  through  passages  located  within  the 
component  itself.  With  these  so-called  directly  cooled  systems  the  coolant  is  constrained 
to  rotate  with  the  component  and  is  consequently  subjected  to  Coriolis  and  centripetal 
components  of  acceleration  which  can  influence  an  otherwise  customary forced  convection 
situation.  It  is  with  the  effect  of  these  rotationally  induced  acceleration  components 
on  the  flow  field  and  associated  heat  transfer  that  the  present  paper  is  concerned. 

A flow  circuit  designed  to  transport  coolant  to  an  internally  cooled  rotating 
component  will  typically  involve  a combination  of  ducts  having  varying  lengths,  cross 
sectional  shapes  and  orientations  relative  to  the  axis  of  rotation.  Also  bends,  expansions, 
contractions,  plenum  chambers,  etc  are  likely  to  be  involved  in  the  overall  circuit.  The 
flow  through  each  of  these  geometric  features  will  be  influenced  to  some  extent  by 
rotation  making  prediction  of  the  flow  characteristics  of  the  circuit,  together  with 
heat  transfer,  difficult. 

This  paper  represents  a selection  of  experimental  data  which  illustrates  the 
influence  of  rotation  on  heat  transfer  in  two  flow  geometries  which  are  commonly 
encountered  with  cooling  circuits  designed  for  rotating  components.  Specifically  the 
two  geometric  configurations  discussed  are  shown  in  figure  1. 

Firstly  the  case  of  flow  in  a heated  tube  constrained  to  rotate  about  an  axis 
parallel  to,  but  displaced  from,  its  central  axis  is  considered,  see  Figure  1.  Results 
obtained  with  circular  ducts  will  be  presented  for  this  case.  This  flow  geometry 
may  be  encountered  in  the  cooling  of  electrical  auxiliaries,  oil  delivery  systems 
to  certain  shaft  bearings  and  the  root  fixing  regions  of  turbine  rotor  blades. 

The  second  class  of  rotating  geometry  considered  involves  flow  in  a heated  tube 
constrained  to  rotate  about  an  axis  perpendicular  to  its  central  axis  as  shown  in 
Figure  1.  This  geometry  is  particularly  important  in  respect  to  gas  turbines  since 
it  represents  the  spanwise  coolant  channels  Incorporated  in  convection  cooled  rotor 
blades.  Results  obtained  with  a circular  sectioned  duct  in  this  configuration  will 
be  presented. 


CASE  1 ; Tube  constrained  to  rotate  about  an  axis  parallel  to  its  central  axis 


A qualitative  description  of  the  manner  in  which  rotation  effects  the  flow  field 
and  consequently  the  heat  transfer  may  be  explained  by  reference  to  the  basic  equations 
which  control  the  problem.  In  this  respect  the  treatment  of  lemiinar  flow  will  serve 
the  purposes  of  Illustration.  Consider  the  duct  to  be  circular  in  cross  section  as 
shown  in  Figure  1 and  that  the  velocity  components  at  a typical  point  are  u,  v and  w in 
the  polar  coordinate  frame  r, 6 and  z respectively.  Note  that  the  velocity  components 
are  measured  relative  to  the  tube  Itself  so  that  it  is  necessary  to  modify  the  usual 
inertial  terms  in  the  equations  expressing  conservation  of  momentum  to  allow  for  this  fact. 
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Eastthrope  (1)  demonstrates  how  the  acceleration  of  a point  referred  to  a rotating 
reference  frame  may  be  determined  and  when  this  Is  done  the  acceleration  components 
fj-,  f0  and  fz  In  the  three  coordinate  directions  Indicated  by  the  subscripts  may  be 
expressed  as 
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where  H Is  the  eccentricity  between  the  tube  central  axis  and  the  rotational  axis  and  £2  Is 
the  angular  velocity  of  the  tube.  The  terms  In  equation  (1)  which  Involve  products  of  the 
angular  velocity  with  cross  stream  velocity  components  are  known  as  the  Coriolis 
acceleration  components  whereas  those  Involving  the  square  of  the  angular  velocity  are 
the  centripetal  components.  The  usual  form  of  the  Navler-Stokes  equations  must  be 
modified  for  this  rotating  geometry  to  Include  these  additional  rotational  acceleration 
components.  If  this  Is  done  for  constant  property  flow  the  following  physical  features 
may  be  observed  from  the  structure  of  the  equations.  At  distances  sufficiently  far 
downstream  of  the  entry  region,  where  axial  gradients  of  velocity  are  negligible, 
elimination  of  the  pressure  gradient  terms  from  the  radial  and  tangential  momentum 
equations  demonstrates  that  the  Coriolis  terms  vanish  Identically  as  a source  for  the 
creation  of  secondary  cross  stream  flow,  see  Morris  (2) . In  this  case  the  conservative 
centripetal  terms  Impress  a radial  equlllbrlum-type  pressure  field  onto  the  otherwise 
parabolic  axial  velocity  profile. 

In  the  entry  region  the  Coriolis  terms,  via  an  Interaction  with  a developing  axial 
velocity  profile,  create  secondary  flow  In  theJ^'S  plane.  Thus  It  Is  expected  that  In 
the  entry  region,  even  with  constant  property  flow,  the  existence  of  Coriolis-generated 
secondary  flow  will  Influence  the  fluid  temperature  via  the  energy  equation  and  hence 
the  heat  transfer. 

Although  the  above  arguements  suggest  that  the  effect  of  rotation  on  developed  flow  Is 
manifest  only  as  a cross  stream  pressure  distribution  arising  from  the  conservative 
centripetal  terms  this  Is  not  the  case  If  buoyancy  effects  are  Included.  Under  these 
circumstances  the  variable  density  Interacts  with  the  centripetal  terms  to  create  an 
additional  source  term  for  secondary  flow.  Modifications  to  the  momentum  conservation 
equations  to  Include  this  buoyancy  may  be  made  using  the  so-called  Bousslnesq  (3) 
approximation . 

The  basis  of  the  Bousslnesq  approximation  Is  to  treat  the  pressure  as  a combination 
of  the  hydrostatic  pressure,  consistent  with  a stationary  flow  field  relative  to  the  tube 
and  a reference  density  value,  together  with  a pressure  perturbation,  p',  which  results 
from  departures  of  the  actual  density  from  the  assumed  reference  condition.  When  these 
assumptions  are  applied  to  the  momentum  equations  expressed  in  terms  of  the  rotating 
coordinate  frame  given  in  Figure  1,  and  local  density  variations  with  temperature  are 
related  to  a volume  expansion  coefficient,  it  may  be  shown  that  the  variable  density 
effect  need  be  Included  in  the  centripetal  terms  only  and  not  in  those  arising  from 
the  Coriolis  accelerations. 


If,  for  convenience,  the  Independent  and  dependent  variables  are  non-dimensional Ised 
according  to 


R = r/a  , Z = z/a 
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(Pipe  flow  Reynolds  number) 
(Rossby  number) 

(Rotational  Grashoff  number) 
(Eccentricity  Ratio) 

(Prandtl  number) 


All  symlsols  used  in  the  text  are  defined  in  the  nomenclature. 

Details  of  techniques  available  for  the  solution  of  the  above  equation  set  will  not 
be  discussed  here  since  they  form  the  topic  of  a paper  to  be  presented  later,  see 
Spalding  (4).  However  the  important  features  which  emerge  from  the  equations  at  this  stage 
may  be  itemised  as  follows.  The  flow  and  temperature  fields  depend  on  the  dimensionless 
parameters  cited  in  equation  set  (8) . The  associated  heat  transfer  at  any  axial  location 
may  be  expressed  in  terms  of  a customary  local  Nusselt  number  Nit  . Thus  the  local 
Nusselt  number  will  be  functionally  related  to  the  Reynolds  and  Prandtl  numbers 
associated  with  a conventional  duct  flow  forced  convection  situation.  However  additional 
effects  must  be  talcen  into  consideration  which  account  for  rotation  and  this  is  made 
manifest  in  two  ways. 

Firstly  the  Coriolis  acceleration  is  accounted  for  in  the  so-called  Rossby  number,  S, 
which  quantifies  the  relative  magnitude  of  the  Coriolis  and  inertial  forces  acting 
on  the  fluid.  It  is  expected  that  this  will  be  more  important  in  the  entry  region  of  the 
duct.  Secondly  when  the  influence  of  buoyancy  is  included  then  the  relative  importance 
of  the  centripetal  free  convection  is  characterised  by  the  rotational  Grashoff  number, 

Gr.  This  is  similar  to  free  convection  effects  of  the  earth's  field  but  with  the 
gravitational  acceleration  of  the  earth  replaced  by  the  centre-line  centripetal 
acceleration  of  the  rotating  duct.  Further,  the  geometric  configuration  characterised 
by  the  relative  displacement  of  the  duct  axis  from  the  rotational  axis  will  have  an 
effect  on  the  heat  transfer  and  flow  behaviour.  It  is  expected  therefore  that 


NUz  “ ^ [ Re,Pr ,E ,Gr ,S] 


(9) 


Where  ^ is  some  un)cnown  functional  relationship  to  be  unravelled  from  the  combined 
attack  on  the  theoretical  equations  controlling  the  problem  together  with  appropriate 
experimental  work. 

Morris  (5),  Mori  and  Nakayauna  (6,7),  Hoods  and  Morris  (8)  and  Majumder  et  al(9) 
have  presented  solutions  for  this  class  of  rotating  duct.  In  each  case  the  solutions 
were  valid  for  conditions  of  established  flow  with  a uniformly  heated  tube  wall. 
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Morris  (5)  used  a series  expansion  method  of  solution  for  laminar  flow  and  obtained 
results  which  were  valid  for  low  rotational  speeds  and  heating  rates.  Nevertheless,  the 
main  qualitative  trends  depicting  the  Influence  of  rotation  on  developed  flow  were 
demonstrated.  To  exemplify,  this  work  suggested  that  the  cross  stream  buoyancy  could 
give  rise  to  significant  Increases  in  heat  transfer  with  an  attendant  increase  in 
flow  resistance. 

Mori  and  Nakayama  (6)  used  a momentum  integral-type  of  approach  whereby  they  assumed 
a core  flow  region  dominated  by  convection  with  a constant  thickness  boundary  layer  in 
the  near-wall  region.  Solutions  were  matched  at  the  Interface  of  these  two  regions. 

These  authors  also  confirmed  the  Increases  in  heat  transfer  as  rotation  of  the  tube  was  .. 
introduced.  This  work  was  also  extended,  see  reference  (7) , to  turbulent  flow. 

Woods  and  Morris  (8)  resolved  the  equations  used  by  Morris  (5)  using  a numerical 
procedure  based  on  the  method  proposed  by  Gosman  et  al  (10) . These  numerical  solutions 
were  more  general  than  those  of  Mori  and  Nakayama  (6)  since  no  assumptions  concerning  the 
nature  of  the  secondary  flow  were  necessary  in  the  solution  procedure.  For  this  condition 
of  established  flow  the  following  observations  resulted  from  the  analysis. 

The  eccentricity  ratio,  e , had  little  influence  on  the  heat  transfer  and  flow 
resistance  provided  e<0.2.  It  was  found  that  for  eccentricity  ratio  values  outside  this 
range  both  Nusselt  number  and  flow  resistance  increased  slightly  with  the  Increases 
being  greater  at  the  high  Prandtl  number  values.  Thus  only  if  the  rotational  axis  is 
very  close  to  the  axis  of  the  tube  will  eccentricity  have  any  noticeable  effect.  Further 
details  are  given  by  Woods  (11) . 

It  is  convenient  with  the  truncated  form  of  the  differential  equations,  resulting  from 
the  assumptions  of  established  flow,  to  measure  the  effect  of  buoyancy  relative  to  the 
tube  wall  temperature  at  any  axial  location.  This  gives  rise  to  a similarity  solution 
for  the  temperature  difference  between  any  point  in  the  flow  and  the  corresponding  wall 
value.  Under  these  circumstances  Morris  (5)  and  Morris  and  Woods  (8)  used  the  product 
of  the  Grashoff  number  and  the  Prandtl  number  to  characterise  the  buoyancy  effect.  This 
product,  known  as  the  Rayleigh  number,  was  defined  using  the  tube  wall  axial  temperature 
gradient,  t,  instead  of  a reference  temperature  difference  between  the  walljand  the  fluid. 
Specifically  the  rotational  Rayleigh  number,  Ra^  , was  defined  as  Ra^  =H  0 ga'T  / y* 

A further  interesting  feature  which  emerges  from  the  fully  developed  equation  is 
that  the  Nusselt  number  and  flow  resistance, expressed  as  a Blassius  friction  factor,  C , 
depend  on  the  product  of  the  Rayleigh  and  Reynolds  numbers.  Figure  2 demonstrates  the 
predicted  influence  of  rotation  on  fully  developed  flow  for  a range  of  Prandtl  numbers 
together  with  experimental  data  obtained  with  air,  water  and  glycerol.  The  sources  of 
the  experimental  data  together  with  salient  details  of  the  range  of  variables  covered 
are  given  in  Table  I.  In  figure  2,  Nu  and  Nu^  refer  to  the  developed  value  of  the 
Nusselt  number  obtained  under  rotating  and  stationary  conditions  respectively. 

For  air,  see  figure  2a,  the  numerical  procedure  tended  to  over-predict  the 
experimental  data  for  heat  transfer.  Here  the  heat  transfer  enhancement  produced  is 
expressed  as  a ratio  of  the  Nusselt  numbers  obtained  with  rotating  and  stationary 
conditions  with  the  non-rotating  values  for  a specified  Reynolds  number  taken  from  a series 
of  datum  experiments  conducted  with  the  test  section  held  stationary.  The  general  trend 
of  the  predictions,  particularly  the  slope,  was  in  good  agreement  with  the  observed 
results  although  the  experimental  data  exhibited  a Reynolds  number  effect  with  a tendency 
for  the  higher  Nusselt  numbers  to  occur  at  the  higher  Reynolds  number  values.  It  is 
difficult  to  isolate  the  effects  of  entry  length  completely  with  a realistic  experimental 
facility  and  it  is  probable  that  the  effects  of  Coriolis  accelerations  in  the  entry 
region  are  still  influencing  the  test  data  to  some  extent. 

Beyond  Rat  Re  values  of  about  10  ^ there  was  a tendency  for  the  Increases  in  heat 
transfer  to  flatten  off.  This  was  not  predicted  by  the  theoretical  analysis  and  could 
be  possibly  explained  by  a flow  reversal  situation.  Woods  (11)  has  suggested  that  this 
effect  may  be  attributed  to  the  influence  of  axial  variations  in  density  but  as  yet  this 
has  not  been  proved.  Also  shown  in  figure  2a  is  an  empirical  correlation  proposed  by 
Sakeunoto  and  Fukui  (12)  for  mean  heat  transfer.  This  correlation  which  has  a Reynolds 
number  effect  additional  to  that  included  by  the  Ra-j  Re  product  is  shown  for  a Reynolds 
number  value  of  2500  in  the  figure.  It  shows  good  agreement  with  the  present  data 
for  air.  Also  shown  is  the  prediction  of  Mori  and  Nakayama  (6) . 

Figure  2b  compares  the  results  of  the  numerical  prediction  with  the  experimental 
data  of  Morris  (13)  obtained  with  water.  This  experimental  data  was  taken  during 
an  investigation  of  the  performance  of  a rotating  thermosyphon  incorporating  the  flow 
geometry  being  considered  in  the  section  of  the  report.  The  numerical  solution  is 
presented  for  Prandtl  numbers  of  4 and  6 respectively  since  the  experimental  data 
spanned  this  range.  In  this  case  the  theoretical  solution  tended  to  underpredict  the 
experimental  data  although  the  general  tendency  for  rotation  to  Increase  the  heat 
transfer  was  again  apparent.  There  was  a tendency  for  the  enhancement  in  heat  transfer 
to  again  flatten  off  at  the  higher  values  of  the  Ra^  Re  product. 

In  figure  2c  the  results  of  Morris  (13)  for  glyceral  are  compared  with  the  predicted 
values.  For  this  high  Prandtl  number  fluid,  the  viscosity  variation  with  temperature 
is  severe,  and  the  actual  Prandtl  numt>er  for  the  experimental  data  fell  in  the  range 
10  ’ - 10  ’ . This  range  of  values  is  used  to  compare  the  experimental  and 

predicted  results.  All  the  experimental  data  was  found  to  fall  within  this  range  as  shown 
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in  figure  2c. 

Generally  we  see  that  the  theoretical  model  was  capable  of  predicting  the  correct 
qualitative  trends  as  regards  to  the  Influence  of  rotation  on  fully  developed  heat 
transfer  particularly  the  effect  of  Prandtl  number. 

We  now  consider  the  influence  of  rotation  on  heat  transfer  in  the  entry  region  of 
this  rotating  geometry.  As  mentioned  earlier  the  Coriolis  effect  is  most  likely  to 
influence  the  entry  region,  since  even  with  constant  property  flow,  it  can  sustain 
secondary  flow  in  the  cross  stream  direction.  Although  there  will  in  practice  always 
be  a complex  interaction  of  buoyant  and  Coriolis  effects  it  is  convenient  to  examine 
the  entry  region  by  considering  the  Coriolis  effect  alone.  The  coriolis  effect  has 
been  quantified  above  by  means  of  the  Rossby  number  S.  Some  workers  (e.g.  Morris 
and  Woods  (|)  ),  have  alternatively  used  a rotational  Reynolds  number  J,  which  is  defined 
as  J = Qa  / 2y  to  characterise  Coriolis  acceleration. 

For  laminar  flow  figure  3 typifies  the  Influence  of  rotation  on  the  mean  Nusselt 
number,  Nu^,  for  a range  of  heat  flux  levels.  The  data  was  obtained  with  test  section 
A from  Woods  (11),  see  Table  I.  To  avoid  the  usual  effects  of  exit  losses  in  ducted  flow  heat 
transfer  experiments  the  mean  Nusselt  number  was  evaluated  from  the  local  data  over  a 
length/diameter  range  0£^/d  < 34.65.  This  figure  shows  that  significant  improvement 

in  mean  laminar  flow  heat  transfer  results  from  rotation  of  the  tube. 

Figure  4 shows  similar  plots  obtained  with  turbulent  flow.  Again  significant 
improvement  in  mean  heat  transfer  results  from  rotation  of  the  tube.  Currently  there 
is  not  sufficient  data  available  with  which  to  make  confident  assessments  of  the  local 
response  of  heat  transfer  in  rotation  in  this  mode,  but  work  with  this  aim  in  mind  is 
progressing. 

The  detailed  manner  in  which  rotation  typically  influences  the  entrance  region  is 
shown  in  figure  5 where  the  variations  in  local  Nusselt  number  along  the  tube  are  shown 
for  a Reynolds  number  value  of  13,500  and  a nominal  heat  flux  of  6.1  kW/m^.  As  the 
rotational  speed  is  Increased  the  systematic  Increase  in  heat  transfer  is  clearly 
evident. 

Similar  trends  to  those  described  above  have  also  been  detected  by  (Morris  and 
Dias  (14) , ) with  a square  sectional  duct. 

In  conclusion  this  section  of  the  paper  demonstrates  that  rotation  has  a significant 
effect  on  heat  transfer  and  flow  resistance  for  a duct  which  is  rotating  about  an 
axis  parallel  to  its  symmetry  or  central  axis.  Rotation  must  be  taken  into  account 
in  two  ways  reflecting  the  relative  efffect  of  Coriolis  and  centripetal  inertial  effects. 

It  is  apparent  that  the  centripetal  effect  is  made  mainly  manifest  as  a free  convection 
effect.  There  is  still  considerable  research  effort  needed  to  fully  understand  these 
effects  and  their  mutual  interaction  for  ducts  of  practical  importance. 

CASE  2;  Tube  constrained  to  rotate  about  an  axis  perpendicular  to  its  central  axis 


Consider  now  the  case  where  the  tube  rotates  about  a perpendicular  axis  and,  through 
which  there  is  a radially  outward  flow  as  shown  in  figure  1.  For  this  rotating  geometry  the 
acceleration  components  at  a typical  point  in  the  flow  may  be  shown  to  be 
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where  all  syndsols  have  the  same  meaning  as  before.  Again  rotational  effects  are  manifest 
via  the  Coriolis  and  centripetal  terms.  When  these  additional  Inertial  terms  are 
included  in  the  Navier-Stokes  equations  and  the  possibility  of  buoyeuicy  effects  Included 
then  the  same  non-dlmenslonalisation  procedure  used  in  Case  1,  gives  for  laminar  flow 
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These  equations,  again  presented  for  the  purpose  of  Illustration,  permit  the  following 
observations.  For  constant  property  developed  flow  the  Coriolis  terms  generate  cross 
stream  secondary  flow  which  modifies  the  axial  velocity  profile.  The  conservative 
centripetal  terms,  not  being  directly  lln)ced  to  the  flow  field.  Impose  a hydrostallc-type 
pressure  distribution  onto  the  flow.  Thus  when  buoyancy  Is  not  taken  Into  account 
the  enhanced  cross  stream  mixing  Induced  by  the  Coriolis  acceleration  results  In  a 
consequential  Improvement  In  heat  transfer. 

For  low  rotational  speeds  Barua  (15)  quantified  the  nature  of  this  secondary  flow 
for  Isothermal  developed  flow  using  a series  expansion  solution  technique.  Estimates 
of  the  Influence  of  rotation  on  flow  resistance  data  were  also  made. 

Mori  and  Nakayama  (16)  have,  using  the  Scune  Integral  method  mentioned  In  references 
(6)  and  (7) , also  studied  the  effect  of  the  Coriolis  Induced  secondary  flow  on  heat 
transfer.  These  authors  confirmed  that  Improved  heat  transfer  resulted  from  rotation 
of  the  tube  and  presented  some  experimental  data  In  support  of  the  findings. 

Lokal  and  Llmanskll  (17)  have  reported  experimental  data  for  this  configuration 
which  also  Indicates  an  Improvement  In  heat  transfer  due  to  the  Corlolls-lnduced 
secondary  flow. 

It  Is  Interesting  now  to  comment  on  the  effect  of  rotational  buoyancy.  When  the 
flow  Is  radially  outward  the  buoyancy  situation  Is  analogous  to  a vertical  tube 
Influenced  by  the  earth's  field  and  having  a downward  flow.  The  axial  buoyancy  thus 
opposes  the  forced  convection  resulting  In  an  Impediment  In  heat  transfer.  The  converse 
Is  true  for  upward  flow  In  a vertical  pipe.  This  suggests  that  with  a radially  outward 
flow  the  effect  of  centrifugal  buoyancy  will  be  to  reduce  the  heat  transfer  and 
consequentially  offset  the  previously  suggested  benefltlal  effects  produced  by  the 
Coriolis  acceleration.  As  far  as  the  present  author  Is  aware  there  has  been  no  previously 
reported  experimental  data  available  to  demonstrate  this  effect.  It  Is  with  this 
feature  that  the  present  section  Is  mainly  conerned. 

A series  of  exploratory  tests  was  undertaken  with  a test  section  lOOmm  In  length 
with  a bore  dlauneter  of  4.85mm  constrained  to  rotate  In  this  mode  with  Its  midspan 
position  located  30emm  from  the  axis  of  rotation.  The  tube  could  be  electrically 
heated  and  was  Instrumented  to  permit  local  and  mean  Nusselt  numbers  to  be  evaluated 
for  a range  of  heat  flux  levels,  flow  rates  of  air  and  rotational  speeds  up  to 
2000  rev/mln  giving  a maximum  mld-polnt  centripetal  acceleration  of  aproxlmately  1400g. 
Details  of  the  complete  experimental  facility  and  data  processing  techniques  are 
given  by  Morris  and  Ayhan  (18) . An  Initial  program  of  experiments  confirmed  that  the 
test  section  was  behaving  adequately  In  that,  for  a range  of  flow  rates  and  heat  flux 
levels,  the  experimental  data  compared  favourably  with  accepted  results  for  stationary  tuJses . 
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Figure  6 Illustrates  typical  distributions  of  local  Nusselt  number  measured  along 
the  tube  for  three  values  of  Reynolds  number  In  the  lower  turbulent  range  obtained 
with  a rotational  speed  of  lOOO  rev/mln.  Each  series  of  tests  at  a particular  Reynolds 
number  represents  a range  of  heat  flux  levels  or  values  of  wall/toolant  temperature 
difference.  At  zero  rotational  speed  It  had  been  found  that  for  all  heat  flux  levels 
with  a specified  Reynolds  number,  the  heat  transfer  expressed  as  a local  Nusselt 
number  distribution  had  a strong  tendency  to  collapse  onto  a single  curve.  This  was 
not  evident  when  the  tube  was  rotated  as  shown  by  figure  6. 

At  each  of  the  Reynolds  numbers  shown  there  was  a systematic  reduction  In  heat 
transfer  as  the  wall/fluld  temperature  difference  Increased.  Note  for  each  series 
of  tests  shown  that  the  Individual  variations  In  Reynolds  numbers  were  of  the  order  of 
1%  of  the  values  quoted.  Thus  the  bandwidth  present  on  each  series  cannot  be  attributed 
to  the  simple  forced  convection  Reynolds  number  effect.  Similarly  the  peripheral  speed 
of  the  rotor  was  constant  so  that  each  series  shown  In  figure  6 corresponds  to  a fixed 
value  of  Rossby  number.  Thus  the  only  variable  not  held  constant  Is  the  Grashoff  or 
Rayleigh  number  which  is  proportional  to  the  wall/fluid  temperature  difference.  Hence  a 
possible  explanation  for  the  trends  shown  is  that  rotational  buoyancy  is  progressively 
supressing  the  heat  transfer. 

Figure  7 Illustrates  the  effect  of  rotation  on  the  mean  Nusselt  number  for  a rotational 
speed  of  lOOO  rev/mln.  The  data  is  presented  as  the  ratio  of  the  Nusselt  numbers 
obtained  with  and  without  rotation.  The  zero  speed  validation  tests  mentioned  above 
were  used  for  the  reference  condition  at  a particular  Reynolds  number  value.  The 
results  again  confirm  the  physical  arguments  discussed  earlier  that  for  relatively  low 
heating  rates  with  attendant  low  values  of  the  Rayleigh  number  there  can  be  significant 
improvements  in  heat  transfer  relative  to  the  stationary  tube.  However  as  the  heating 
rates  become  larger  and  buoyancy  becomes  more  important  there  is  a progressive  reduction 
in  mean  heat  transfer. 

Also  shown  as  figure  7 is  the  relative  Nusselt  number  - Reynolds  number  correlation 
proposed  by  Lokai  and  Llmanski  (17) . The  important  observation  to  note  from  the  design 
viewpoint  is  ti.at  this  Coriolis-based  correlation  can  seriously  overpredict  heat  transfer 
particularly  at  the  lower  Reynolds  numbers..  It  is  possible  that  the  wide  data  scatter 
evident  in  the  work  of  Lokai  and  Llmanski  could  be  partially  explained  in  terms  of 
buoyancy . 

The  systematic  reduction  in  mean  Nusselt  number  with  increasing  rotational  Rayleigh 
number  (Gr  x Pr)  is  shown  in  figure  8.  Also  shown  is  the  estimated  mean  Nusselt  number 
based  on  the  Lokai-Limanski  correlation  and  the  Kreith  (19)  correlation  proposed  for 
short  stationary  tubes.  The  Kreith  correlation  was  actually  in  very  good  agreement  with 
the  zero  speed  tests  of  the  present  study. 

The  series  of  tests  described  above  was  repeated  with  a rotational  speed  of  2000 
rev/min  and  the  same  trends  were  detectable.  Figure  9 shows  all  the  data  obtained  in 
the  present  study  plotted  in  accordance  with  the  suggestions  of  equations  11,12  and  13. 
Following  customary  practice  the  rotational  Rayleigh  number  has  again  been  used  instead 
of  the  Grashoff  number.  This  figure  highlights  clearly  the  two-fold  manner  in  which 
rotation  of  the  tube  influences  heat  transfer. 

At  a specified  value  of  the  Reynolds  and  Rossby  number  the  mean  level  of  heat 
transfer  is  systematically  reduced  as  the  quotient  Rst/Re  increases.  This  is  a measure 
of  the  influence  of  rotationally  induced,  free  convection. 

At  a fixed  value  of  the  Reynolds  and  Rayleigh  number  the  heat  transfer  is  increased 
as  the  Rossby  number  increases.  This  is  a measure  of  the  influence  of  Coriolis  forces 
as  described  above. 

Over  the  range  of  variables  covered  in  these  exploratory  experiments  reductions 
in  stationary  pipe  flow  heat  transfer  up  to  30%  were  typically  produced  as  a result  of 
the  overall  effect  of  rotation.  Actual  measured  heat  transfer  could  be  up  to  60%  lower 
than  that  suggested  from  the  correlation  of  Lokai  and  Llmanski  (17) . Note  that  Fox  (20) 
has  demonstrated  that  a reduction  of  10%  in  the  heat  transfer  coefficient  for  a 
convection-cooled  turbine  blade  can  typically  result  in  an  increase  of  20"  C in  the 
mean  blade  temperature.  This,  in  turn,  is  equivalent  to  a sevenfold  reduction  in  creep 
life.  It  is  clear  that  accurate  prediction  of  the  coolant-side  heat  transfer  is  a 
vitally  important  consideration  for  turbine  blade  life  predictions  and  appropriate 
account  of  rotational  effects  are  necessary  in  design  procedures.  Further  studies  are 
consequently  necessary  to  fully  resolve  the  precise  quantitative  effect  of  Coriolis  and 
centripetal  effects  on  heat  transfer. 


CONCLUDING  REMARKS 

In  conclusion  the  following  remarks  summarise  the  main  observations  presented  in 
this  paper. 

1.  The  use  of  forced  convection  data  obtained  with  stationary  tubes  for  the  prediction 
of  heat  transfer  in  rotating  tubes  can  lead  to  significant  errors  of  either  positive 
or  negative  sense.  The  Influence  of  rotation  is  generally  made  manifest  in  two 
ways.  Coriolis  terms  under  certain  circumstances  can  Induce  secondary  cross 
stream  flow  with  attendant  modifications  to  the  axial  flow  profile  which  generally 
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tends  to  improve  heat  transfer.  Centripetal  terms  via  a buoyant-type  interaction 
with  a temperature  dependent  fluid  density  can  also  affect  the  flow  field.  In  this 
respect  the  rotational  free  convection  can  give  rise  to  either  enhanced  or  impaired 
heat  transfer  depending  on  the  relative  location  of  the  axis  of  rotation  with 
respect  to  the  tube  and  also  the  direction  of  the  flow. 

2.  For  a tube  which  rotates  about  an  axis  parallel  to  its  central  axis  it  is  apparent 
that  Coriolis  effects  are  more  dominant  in  the  entrance  region  whereas  rotational 
buoyancy  is  more  important  in  the  regions  of  developed  flow.  Both  these  individual 
effects  tend  to  improve  heat  transfer. 


3.  With  a tube  which  rotates  about  an  axis  perpendicular  to  its  central  axis  Coriolis 
terms  again  tend  to  improve  heat  transfer  in  the  developing  and  developed  regions 
of  flow.  However  for  a radially  outward  flow  it  has  been  demonstrated  that  rotational 
buoyancy  tends  to  offset  and  eventual  reverse  the  Increases  brought  about  by  the 
Coriolis  interaction. 


NOMENCLATURE 


a 

d 

f r'  ^ 0'  f z 
L 

P' 

r 

R 

T , T„ 

u 

U 

V 

V 
w 
W 
z 
z 


Tube  radius 
Tube  diameter 

Radial, tangential  and  axial  components  of  acceleration 

Length  of  test  section 

pressure  correction 

radial  coordinate 

Non-dimensional  radial  coordinate 

Temperature  and  wall  temperature 

Dimensional  radial  velocity 

Non-dimensional  radial  velocity 

Dimensional  tangential  velocity 

Non-dimensional  tangential  velocity 

Dimensional  axial  velocity 

Non-dimensional  axial  velocity 

Dimensional  azlal  coordinate 

Non-dimensional  axial  coordinate 


GREEK  SYMBOLS 

n angular  velocity 

6 angluar  coordinate 

X non-dimensional  pressure  term 

n non-dimensional  temperature 

P density 

y kinematic  viscosity 

a thermal  diffusivity 

8 expansion  coefficient 

e eccentricity  parameter 


NON-DIMENSIONAL  GROUPS 


Re 

Reynolds  number 

Pr 

Prandtl  number 

Gr 

Rotational  Groshoff 

number 

Ra 

Rotational  Rayleigh 

number 

S 

Rossby  number 

J 

Rotational  Reynolds 

number 

Nu 

Nusselt  number 
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SUBSCRIPTS 


o stationary  tube 
m mean  value 
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Figure  4 ; Typical  Effect  of  Rotation  on  Mean  Entry  Region 

Heat  Transfer  for  Turbulent  Flow  (Tube  A,  L/d  » 34.65) 


Figure  5 ; Typical  Effect  of  Rotation  on  Local  Heat  Transfer 


Direction  of  increasing  Rayleigh  nioiber 


figure  6:_  ^plcal  Effect  of  Rotation  on  Local  Wusselt  Numbers 
for  a Radially  Hotatlnq  Tube  — — 

(Rotational  S^ed  » lOOO  rev/aiin) 
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DISCUSSION 


R.Eggebrecht,  Germany 

I fully  appreciate  the  importance  of  studying  the  effect  of  rotation  on  cooling  side  heat  transfer  coefficients.  From 
dimensions  you  have  quoted  and  with  rotational  speeds  covered  in  your  experiments,  I got  the  impression  that  we 
are  far  beyond  rotational  Reynolds  numbers  which  occur  in  advanced  aero  engine  turbines.  So,  we  hopefully  are 
on  the  better  side,  that  means  we  can  expect  increased  internal  heat  transfer  coefficient.  Would  you  please  comment 
and  do  you  plan  to  extend  the  range  of  parameters?  Further,  I would  like  to  know  the  actual  temperature 
difference  between  wall  and  fluid  which  is  the  driving  force  for  buoyancy  effects  in  your  experiments. 

Author’s  Reply 

The  tests  reported  in  the  paper  for  Case  2 formed  an  initial  programme  of  experiments  to  see  if  any  significant 
bouyancy  effect  could  be  detected  in  addition  to  the  previously  noted  Coriolis  effect.  In  this  respect,  it  was  decided 
to  treat  relatively  low  rotational  speeds  (0-2000  rev/min)  in  order  to  gain  experience  with  the  equipment  before 
moving  into  higher  speeds  encountered  under  real  engine  conditions.  However,  it  is  intended  to  work  towards 
engine  conditions  in  the  future  programmes  envisaged. 

Although  the  Coriolis  effect  and  its  implied  improvement  in  heat  transfer  will  be  increased  at  rotational  speeds 
encountered  in  the  turbine  application  it  should  be  noted  that  the  centripetal  terms  will  tend  to  increase  more 
rapidly  due  to  the  fact  that  these  terms  are  proportional  to  the  square  of  the  rotational  speed.  It  is  the  present 
author’s  opinion  therefore  that  buoyancy  will  still  be  an  important  feature  at  conditions  in  the  turbine  operating 
range. 

The  average  wall  to  fluid  temperature  differences  used  in  the  experiments  for  motivating  heat  transfer  were  typically 
in  the  range  20-60°Celsius. 


B.W.Martin,  UK 

I am  not  quite  clear  how  or  whether  Coriolis  accelerations  are  correctly  modelled  by  Rossby  numbers  incorporating 
the  tip  speed  in  view  of  the  interaction  between  centrifugal  and  Coriolis  accelerations. 

Author’s  Reply 

It  is  true  that  there  is  an  interaction  between  the  Coriolis  and  centripetal  accelerations  in  the  flow  systems  described 
in  the  paper.  The  choice  of  non-dimensionn!  groups  to  aid  quantification  of  these  effects  is  to  some  extent  within 
the  control  of  the  analyst.  To  amplify,  if  the  basic  conservation  equations  are  non-dimensionalised  according  to  the 
suggestion  given  in  the  paper,  then  the  non-dimensional  coefficient  arising  from  the  Coriolis  terms  has  the  so-called 
Rossby  number  character.  If  the  flow  field  is  expressed  in  terms  of  a local  Reynolds  number  variation  then  the 
coefficient  of  the  Coriolis  terms  now  also  has  a Reynolds  number  character,  but  formed  with  a measure  of  peripheral 
speed  as  the  velocity  representation.  Both  techniques  of  representation  can  be  used  but  do  not  overcome  the  fact 
that  the  two  rotational  effects  are  mutually  interactive.  It  is  the  present  author’s  opinion  that  only  by  a theoretical 
and  extensive  experimental  attack  in  this  class  of  problems  can  the  two  effects  be  unravelled. 
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CALCULATION  OF  TEMPERATURE  DISTRIBUTION  IN  DISKS  AND  COOLING  FLOW  IN  A TRANSIENT  STATE 

M.  Caprili  and  R.  Lazzeretti 
Faculty  of  Engineering 
University  of  Pisa 
PISA  - ITALY 


SUMi'iARY 

The  present  paper  determines,  for  a transient  state,  the  temperature  distribution  in 
irregularly  shaped  disks  and  that  of  the  cooling  fluid. 

The  method  of  calculation  used  is  described,  and  the  stability  of  the  numerical  solution 
is  discussed. 

The  calculation  prograun  makes  it  possible  to  evaluate  the  influence  of  the  functional 
parameters  i,  P,  o,  etc.,  on  temperature  distribution. 

Lastly,  examples  of  the  results  obtained  are  shown  in  diagram  form. 


LIST  OF  SYMBOLS 

a = radius  at  disk  bore 

b = radius  at  disk  rim 

CjT  = specific  heat  of  cooling  air 

Cg  = specific  heat  of  disk  material 

d = thickness  of  cooling  air 

P = mass  flow  rate  of  cooling  air  over  disk  (both  faces) 
s(x)=  function  for  the  variation  of  disk-thickness  at  radius 
t = time 

Tq  = starting  temperature  of  disk  and  inlet  temperature  of  the  cooling  air 

T.)  = combustion  gas  temperature 

X = arbitrary  radius 

y = temperature  of  disk  at  radius  x 

z = temperature  of  cooling  air  at  radius  x 

o = heat-transfer  coefficient  between  disk  and  cooling  air 

og  = heat-transfer  coefficient  between  combustion  gas  and  disk 

A = thermal  conductivity  of  disk  material 

a'  = ag/A 

pf  = density  of  the  cooling  air 

Pe  = density  of  disk  material 

k = 2a/A 

k'  = PS  Cg/A 

kl  = 4 i'  o/Cf  P 

k-j  = 2 n d Pf/P 


INTRODUCTION 

Reliable  calculations  of  stress  and  predictions  of  component  fatigue  lives  call  for 
a precise  knowledge  of  temperature  distribution  in  the  disk  of  the  axial  gas  turbine 
engine . 

A number  of  valuable  papers  deal  with  boundary  layer  behaviour  on  rotating  disks . 

One  type  of  study  investigates  disk  heating  phenomena  which,  as  is  well  known,  are  very 
complex  and  closely  dependent  on  the  specific  characteristics  of  engine  design.  Two 
recently  published  papers  - the  first  by  Bailey  and  Owen  [1]  and  the  second  by  Evans 
[2]  - have  offered  important  contributions  in  this  field.  The  first  paper  discusses  the 
entrained  flow  question  and  heat  transfer  coefficients;  the  second  is  a survey  of  how 
the  temperature  distribution  of  axial  gas  turbine  disks  may  be  analysed.  It  includes  a 
comparison  between  heat  transfer  correlations  and  boundary  conditions  applicable  in  the 
steady  state. 

A second  type  of  study  posits  a simplified  model  and  elaborates  methods  of  calculation 
for  the  determination  of  analytical  or  numerical  solutions  to  the  differential  equations 
governing  heat-transfer  phenomena.  An  early  work  by  Oprecht  [3]  combines  analytical  and 
experimental  considerations.  Brown  and  Markland  offer  a range  of  solutions  to  a series 
of  differential  equations  [4]  , while  Cox  [5]  uses  a step-by-step  graphical  construction 
to  calculate  the  transient  temperature  distribution  in  a compressor  disk. 

In  this  paper  a method  is  proposed  for  an  approximate  solution  of  the  differential 
system  governing  the  disk-fluid  thermal  equilibrium.  In  this  procedure  only  the  spatial 
variable  has  been  made  discrete,  while  the  temporal  variable  has  been  left  continuous. 
The  ordinary  differential  system  thus  obtained  has  been  analytically  Integrated  by 
defining  the  exponential  of  a square  matrix. 

In  addition,  a method  of  unconditionally  stable  iterative  calculation  has  been  developed 


39-2 


by  giving  approximate  values  to  this  matrix  exponential. 

This  method  facilitates  design  studies,  particularly  those  of  a comparative  nature.  The 
calculation  progreim  makes  it  possible  to  evaluate  the  Influence  of  functional  parameters 
such  as  X , P and  a on  temperature  distribution. 

A more  complex  geometrical  model  has  been  studied  by  us  in  an  unpublished  paper.  Here 
the  variables  include  shaft  and  seal  arm  attachments,  and  marked  variations  in  disk 
section  with  radius.  These  features  have  demanded  the  application  of  two-dimensional 
techniques,  using  finite  element  solutions  which  appear  to  give  satisfactory  results. 

2 - FUNDAMENTAL  EQUATIONS  AND  NUMERICAL  SOLUTION 

Fig.  1 shows  a disk  whose  thickness  s(x)  is  a function  of  the  radius.  The  periphery 
of  the  disk  receives  a supply  of  heat,  which  is  removed  by  forcibly  convected  cooling 
air.  The  air  reaches  the  inner  radius  at  a known  temperature  To  and  moves  outwards  over 
both  surfaces  of  the  disk.  The  mass  flow  rate  is  P.  Given  the  thickness  of  the  disk,  it 
is  assumed  that  temperature  variation  along  the  axis  is  negligible.  In  this  case,  the 
differential  systems  which  governs  the  disk-fluid  thermal  equilibr>dum,  as  deduced  in 

i 


aT  - kxs(x)-j^ 


dz  , dz 

— * k,  x(y-z)  - k,  x-j^ 


a<x<b,  t>0 

whose  solution  must  satisfy  the  initial  conditions: 


I y(x,  0)  . T„ 
j z(x,  0)  - T„ 

and  the  boundary  conditions: 


a < X < b 


9y(a,t) 

dx 

3y(b,t) 

dx 

z(a,  t) 


- 0 


♦ o('y(b,  t)  . Of'T, 


t>0 


(2.1a) 

(2.1b) 

(2.2a) 

(2.2b) 

(2.3a) 

(2.3b) 

(2.3c) 


in 


where  s (x)  is  a real  positive  function  in  [a,b]  , with  continuous  first  derivative 
(a,b) . In  the  numerical  results  the  outline  of  the  disk  is  given  by  the  function 
s (x)  = c x“®,  where  c and  $ are  both  positive  constants  and  6 is  less  than  one. 

From  (2.2)  and  (2.3)  it  can  immediately  be  seen  whether  the  compatibility  conditions  are 
satisfied. 

To  obtain  an  approximate  solution  of  the  differential  equations  (2.1)- (2.3)  by  means  of 
finite  differences,  we  first  render  only  the  spatial  variable  discrete,  leaving  the  time 
variable  continuous. 

The  properties  of  the  matrix,  deriving  from  the  system  of  differential  equations  (2.1)- 
(2.3)  are  studied  in  this  semi-discrete  form. 

For  the  sake  of  simplicity,  we  will  choose  a uniform  subdivision  of  the  interval  a,b 
and  name  any  point  at  which  subdivision  may  occur:  x^  = a + i 'x-a  = a + ih,  i = 0, 1 ,. . ,n+1 . 


Integrating  (2.1)  between  x 


^i+i^  y(*i  + ®tc. 


i-J 

we  obtain: 


h 

2 


n+T 

= Xj^  + -,  and  naming 


as  s(x^+  -), 


**♦1  *>*1  M M •'j  x(y-z)dx  - 

‘‘•J 

- li'  j x«(x)  dx 
2 

■/  x(y-x)dx.  k,  / x-jf-dx 

•'X,  1 -X.  1 ■'x.l 


(2M) 


(2.4b) 
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Approximating  the  terms  In  (2.4)  by: 


3yi*i 
2_ 

3x 

yu  1 • yt 

h ‘0(h’) 

(2.5a) 

.0(h») 

(2.5b) 

/ g(*)  dx 

•'x  1 

"i 

- ft  O(h’) 

(2.5c) 

and.  In  particular,  supposing  that; 


I . 3* 


dx 


equations  (2.4)  become: 


2 


dZj 

lx 


y^r  Vi 


‘*y, 

■ ^ IT  ^ * ’■* 


h.  0(hM.  Zj-z,,,  ♦ 0(hM 


yi-yi-i 

**4  *‘■1  h -kXiCy, -Ii)h 


dt 


(2.6a) 


(2.6b) 


Overlooking  the  final  terms  within  (2.6),  we  obtain  the  linear  differential  equations 
which  are  an  approximation  of  the  differential  system  (2.1)  at  the  point  Xj^. 

The  (2.6)  equations  hold  for  all  the  points  within  the  Interval  [a,b]  . 

When  1=1  and  l=n,  unknowns  yQ  and  yn-n  appear  in  (2.6a);  these  may  be  eliminated  using 
the  boundary  condition  (2 . 3a) , (2 . 3b) . 

In  fact,  giving  approximate  values  the  derivatives  less  than  0(h2),(2.3a)  and  (2.3b) 
ye  Id: 

=.  4yiy; 

“ 3 (2.7a) 


yn,l  - 


2ha'T|  ♦ 4y„  y„., 
2ha'  , 3 


(2.7b) 


We  thus  obtain  a system  of  2n  linear  differential  equations  of  the  first  order  with 
constant  coefficients  where  the  unknown  vector  is: 

“■^(t)  - (y,,y, y„.x,,z, z„l 


which  may  be  written  in  the  matrix  form: 

dii(t) 


dt 


Au  (t)  . B ♦ T (t) 


(2.8) 


where  A and  C are  real  matrices  of  the  order  of  2n  and  B a vector  with  2n  components. 

We  may  now  write  the  matrix  A,  the  diagonal  matrix  C and  the  vector  B in  the  differential 
problem  (2.8) . 

Where  the  unknows  are  called  uj^,(2.6a)  becomes; 


**4  ‘'^^2 


Ui*l  -“i 


y '‘•y h -kxi(Ui  ■□„,,)  h 


..  **“1  - 
■ k . r; 


For  i = 2,3,...,  n-1 , (2.9)  may  be  rewritten: 


(2.9) 


dU| 

•(D,u,-L,u,.,  -U,u„,  -V,u,„)  . . r; 


where: 
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«i.l  Vi 

2 2 


Xi.i  Si.i 
2 2 


h 

• k h X, 


- L,  * Ui  ♦ V, 

- k'  Xj  Sj  h 


(2.10) 


Where  the  unknowns  are  called  uj^,  the  boundary  conditions  (2.3a)  becomes: 


iliiya. 

h 


U:  -U| 
3h 


0(h*) 


(2.11) 


When  i=1  in  (2.9),  and  using  (2.11): 


dui 

(D,u,  -U,Uj  -V,u„.,)  - C,  -jp  . r. 


where 


U.  - ^(x„.  s,,.  -i  s.,.) 


V,  - kx,  h 


(2.12) 


D,  - V,  ♦ U, 


Cl  - k'  X|  8,  li 


Analogously,  when  the  unknowns  are  called  uj^,  the  boundary  condition  (2.3b)  may  be 
expressed  as  follows: 


Vn^i-Un  _ 2a'T, 
)i  ' 2ha'«3 


(1  • 2ha')  u,  -Un., 
)i(2ha' 3) 


♦ 0(h’) 


(2.13) 


When  i=n  in  (2.9),  and  using  (2.13): 


(D,u„  - L„u,.,  - V„Uj„),  B„ 


where 


’"i 


2ha'  » 3 


I 


- k h x„ 


- k*  V, 


2ha'»  3 


aa'Ti 
* 2hat'*3 


I 


- k’Vi'n*' 


(2.14) 
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The  components  ,62 , . . . of  vector  B are  zero. 

Rows  1,2,,..,n  of  matrices  A and  C,  and  components  1,2,...,n  of  vector  B are  now  known. 
We  must  now  calculate  rows  n+1 , n+2,...,2n  of  matrices  A,C  and  components  n+1 , n+2,..., 
2n  of  vector  B. 

Where  the  unknowns  in  equation  (2.eb)  are  called  uj^,  we  obtain: 


, du,  . 

ki  hu,.„  -(1*  k,x,.„h)u,*  u,.,  - k,  Xi.„  h—  . t 


If  i = n + 2,  n + 3,...,2n,  (2.15)  may  be  expressed  as: 


du, 


(2.15) 


- (DiU, -LjUj.,  ■V,Uj.„)  - Ci  f" 


where 


Vi  - k,  hXi.„ 


D,  - L;  ♦ V, 


Cj  - k'l  hXi.„ 


(2.16) 


The  components  B B ,...,B_  of  vector  B are  zero. 

n+2  n+3  2n  — 

If  i = n + 1,  and  considering  the  conditions  given  in  (2.3c),  (2.15)  becomes: 


dUn.l 


dt 


where 


- (I^n*  J %+  1 ' V„+  I Ui  ) ♦ Bn,  i - Cn,  i 

Vn,,  - k,  hi, 

D.,.  - 1*  V.,, 

Cn,,  - k',  hi, 

B„,  ■ T. 

We  have  now  determined  matrices  A and  C,  and  vector  B;  these  are  now  shown,  in  the  same 
order,  below 


(2.17) 


A • 


1 

-| 

D, 

-u. 

1 

1 

-V,  ' 

-L, 

D,  -U, 

1 

1 

-V,  1 

. 1 

— « . 

— 

i 

— 

! > 

D... 

•u.-. 

1 -Vn., 

1 

1 

■K 

Dn 

1 

1 

■Vn 

•v„. 

1 

1 

1 1 

-Vn„ 

1 

1 

1 

— 

-U 

— 

— 

1 

1 

■^2n-l 

' D:... 

( 

1 

■V,. 

• -L,. 

1 

1 

1 

1 

39-6 


k’x,«, 

0 

k'xjs. 

>‘'Xn»n 

B ■ 

k'i»i 

To 

k',xj 

0 

0 

From  (2.10) , (2.12)  , (2.14)  , (2.16)  and  (2.17),  it  C2ui  immediately  be  seen  t)iat  the  matrix 
C is  diagonal  with  positive  elements,  while  matrix  A is  weakly  diagonally  dominant,  and, 
as  seen  below,  has  a strongly  connected  graph. 


Matrices  C and  A are  therefore  non-singular.  The  solution  of  (2.8)  must  satisfy  the 
initial  conditions  (2.2),  which,  in  matrix  notation,  become: 


u(0)  . R (2.18) 

where  ^ Ft  ,T  ,...,T  1. 

- Loo  oj 

If  Tq  is  a function  r (x)  , the  components  of  vector  R are  obtained  using  the  mean  integrad 
of  r(x)  over  the  interval  » *l+j] ‘ 

The  boundary  conditions  (2.3)  are  directly  Incorporated  in  matrix  A and  vector  B. 
Pre-multiplying  (2.8)  by  C"^ , we  obtain 


— C'Au  ♦ C'B  * r , t>0 

at  — — — 


(2.19) 


where  i = C ^ f (t) . 

To  solve  the  linear  differential  system  (2.19),  we  define  the  exponential  series 
expansion 


exp(M)  ■ 1 * M 


2!  * 3! 


(2.20) 
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which  is  convergent  for  every  square  matrix  M,  as  shown  in  Appendix  A. 

Using  this  definition,  the  only  solution  of  (2.19)  with  initial  condition  (2.18)  is; 

u(t)  - exp(-tC  'A)u(0)*  exp(-tC’  A)  /expCpC'A)  (CT’B  . ^(»i)Idp  (2 


In  this  case  the  components  of  vector  B are  independent  of  time  and  (2.21)  may  be  written 
in  a simpler  form: 

^(t)  - A"'B  ♦ exp(-tC'' A)  (^(0)  • A"' Bj  ♦ exp(-tCr'  A)  /exp(  uC‘  (2.22) 

OverlooJcing  the  term  which  includes  the  vector  jt(t)  in  (2.22),  we  obtain  an  approximate 
solution  of  the  differential  problem  (2.1)  - (2.3): 

v(t)  - A''B  ♦ exp(-tC'*  A)  1^(0)  - A‘‘B)  , t>0  (2.23) 


where  v(o)  = R. 

It  may  be  seen  that  (2.23)  is  actually  the  only  solution  to  the  differential  equation: 


r dv(t) 
^ dt 


.-A  v(t) 


B 


t>0 


(2.24) 


obtained  from  (2.19)  by  neglecting  the  term  T^(t)  . 

In  (2.23)  the  right-hand  terms  correspond  to  the  steady  solution  and  the  transient  term, 
respectively. 

Given  the  above  properties  of  matrices  A and  C,  the  matrix  Q = - C”^  A is  irreducible, 
containing  non-diagonal,  non-negative  entries,  so  that  the  matrix  exp(Qt)  is  positive 
[7]  . It  follows  that  the  approximate  solution  to  the  differential  equation  (2.1), (2. 3): 

^(t)  - exp(-tC-’A)v^(0)»  [I-  exp(-tC-'A)]  A-'B  (2.25) 

associates  - in  line  with  the  physical  phenomena,  and  given  that  the  coefficients  are 
positive  - a component  of  v(t)  with  each  component  of  v(o) , for  t>o. 

Another  remar)cable  property  may  now  be  noted. 

Since  matrix  C is  positively  diagonal,  and  matrix  A is  irreducible,  given  that  it  is 
wea)cly  diagonally  dominant  with  off-diagonal,  non  positive  entries  and  positive  diagonal 
entries,  the  only  solution  v(t)  to  (2.24)  which  satisfies  condition  (2.18)  is  uniformly 
bounded  in  norm  for  ti-o  and  satisfies  the  asymptotic  relationship: 

to  v(t)-  A ’B  (2.26) 

►♦OO  — — 

In  calculating,  it  is  useful  to  approximate  the  exponential  matrix  in  (2.23)  using: 

exp(-AtC-'A)a!(I, C-'A)-'(I--^  C-'A)  , At  > 0 (2.27) 

The  approximation  (2.27)  not  only  maintains  the  above  properties  of  the  solution  v(t) , 
but  also  coincides  with  the  expansion  (2.20),  if  at  is  sufficiently  small  up  to  the 
squared  term.  Thus,  if  (2.27)  is  substituted  in  (2.23),  and  if  we  define  the  approximate 
solution  at  time  tg  as  vector  w(to) , we  obtain: 

w(t„  ♦ At).  (I,  "Y  C-‘A)  '(I.^C-'A)  |w(t.)- A 'BI  ♦ A 'B  ,At>0  (2.28) 

where  at  is  the  time-interval. 

If  t„  . At  - (m  • 1)  At  e w*” > - w(to  ♦ m At)  ,(2.28)  defines  the  following  iterative 

method: 


wdn+i)  . !»/"■>.  A-'B  I . A'B 


(2.29) 
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where  T(At)  . (I«  j A)  , the  iterative  matrix. 

From  the  recurring  relationship  (2.29)  we  obtain: 

W“»’>  . (T(Atr  . A-'  B 

Since  the  iteration  matrix  T(At),  as  shown  in  Appendix  B,  is  unconditionally  stable, the 
iterative  procedure  (2.29)  converges  for  any  initial  vector  w^®^  towards  the  steady 
solution: 

lim  w*®’  - A'B 

m-Moo  — — 


The  method  outlined  eibove  has  the  basic  advantage  that  no  restriction  is  Imposed  on  the 
time-interval  as  regards  the  st2tbillty  of  the  solution.  Thus  a sultcible  choice  of  time- 
interval,  as  long  as  it  is  acceptable  from  a practical  viewpoint,  may  offer  a saving  in 
computer-time  without  reducing  the  accuracy  of  the  solution.  This  saving  is  considerable 


if,  as  in  the  present  problem,  the  number  of  mesh  points  is  large.  Lastly, 
vector  w"*^  = [w-j  ,W2 , . . . ,W2n]  has  been  obtained,  the  approximate  values  y^ 


been  calculated  at  time 


to+  At, 

using  (2.27): 

4wi  -wi 

Vo  - 

3 

2ho'T,  ♦ 4w„-w„., 

yn+l  “ 

2ha'  * 3 

once  the 
and  yjj+i  bas 

(2.29a) 

(2.29b) 


Now  that  the  temperature  distribution  has  been  calculated  at  time  mAt,  it  is  calculated  at 
time  (m+1 ) At  and  so  on,  until  the  steady  solution  is  obtained.  In  practice,  one  stops 
when  no  appreciable  variation  - no  more  than  a few  degrees  - is  found  between  one 
solution  and  the  next. 


3 - RESULTS  AND  CONCLUSIONS 

The  calculating  procedure  outlined  above  allows  a rapid  and  accurate  evaluation  of 
the  temperature  of  the  dis)c  and  of  the  cooling  air,  whether  in  transient  or  steady 
states.  It  also  ma)ces  it  possible  to  evaluate  the  Influence  of  parameters  a,B,P  etc.,  on 
changes  in  temperature,  and  to  deduce  which  elements  should  be  varied  to  maximise  the 
efficiency  of  the  system. 

The  approximation  of  the  matrix  exp (-At  C“^  A),  which  has  been  adopted  to  obtain  the 
approximate  solution  of  the  differential  problem,  provides  an  iterative  method  whose 
iteration  matrix  turns  out  to  be  unconditionally  st2d)le.  It  therefore  follows  that  the 
Iterative  procedure  converges,  for  any  initial  vector,  towards  the  steady  solution. 

The  calculating  method,  whose  FORTRAN  program  is  given  in  Appendix  C,  has  another 
Important  advantage,  that  no  restriction  is  Imposed  on  the  time- Interval , as  regards  the 
stability  of  the  solution.  Thus  a suitable  choice  of  time-interval  as  long  as  this  is 
acceptable  on  a practical  basis,  allows  a saving  in  computer-time  without  reducing  the 
accuracy  of  the  solution. 

Figs.  2-7  show  some  results  obtained  directly  by  the  Plotter  of  the  IBM  360/168  ocnputer 
at  the  C.N.U.C.E.,  University  of  Pisa.  These  agree  closely  with  the  experimental  results 
reported  in  [1 2]  . 


‘ ■ ' < I •.  I 
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APPENDIX  A 

The  convergence  of  the  matrix  series  (2.20)  follows,  as  a specific  case,  from  the 
THEOREM:  If  A is  a squave  matrix  of  order  n,  uiith  complex  entries,  the  eigenvalues  of  A belong  to  the 
circle  of  convergence  of  the  series  of  powers 


if  and  only  if  the  series  of  powers 


(A.1) 


(A. 2) 


is  convergent. 

Supposing  that  S is  a non-singular  matrix  which  transforms  matrix  A by  similarity 
transformation  into  the  canonic  form  of  Jordan: 


(A. 3) 


where  each  of  the  square  submatrices  Jj^  of  order  n,  takes  the  form: 


1 <l<r 


1 


(A. 4) 


Since  each  submatrix  J^, 
follows  that  the  set 
A. 

From  (A. 3)  we  obtain 


is  upper  triangular,  the  matrix  A is  upper  triangular,  too.  It 
1 made  up  of  all  the  separate  eigenvalues  of  matrix 


m>l  (A. 5) 


II  - 1 .~iiJ[>Jt||~:ifiT~  • ' 
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From  (A. 4)  , if 

jm  =(dj)(l)),l<i.j<n| 

, we  obtain: 

1 

d!“>(l)  . ( 

f ° ’ 

I (A)  XT  **'  , 

j<i 

i < j < min(n,,  tn*  i) 

, 0 , 

m * i < j < n. 

where: 


m! 

k!  (m-k)! 


(A. 7) 


is  the  known  binomial  coefficient. 
Equation  (A. 3)  also  yields: 


A”  . S-‘(Ar  S . 1 

when  substituted  in  (A.2) , this  gives: 

f(A)  - S-‘  f(^)S 


where 


f(A)  s Z (A  )>' 


(A. 8) 


so  that  the  theorem  need  be  demonstrated  for  matrix  A. 


‘‘•i  ■ J:o 


using 

(A. 5)  and  (A. 6) , 

yields : 

0 , 

j<i 

(A.  9a) 

OO 

0 

m-0 

j-  • 

(A.  9b) 

1 

fa,,,"’’,  X»-  . 

^ (m-s)! 

j>i 

(A. 9c) 

where  s = j-1  an  X is  any  eigenvalue  in  matrix  A. 

We  may  note  that  the  s^—  derivative  of  the  series  (A.1): 


d* 

dz* 


Hz) . 


ee 

1 


m! 

(m-s)! 


jmi 


is  identical  with  the  summation  which  appears  in  (A.9c) . Thus,  if  the  eigenvalues  in  A 
belong  to  the  circle  of  convergence  of  series  (A.1),  it  may  be  inferred  that  the  series 
(A. 9b) , (A. 9c)  and  the  matrix  series  (A.2)  all  converge. 

On  the  other  hand,  if  the  series  (A.2)  converges,  and  if  X is  any  eigenvalue  in  A 
associated  with  the  eigenvector  X,  for  the  known  equation  giving  the  eigenvalues,  we 
obtain: 


ee  oe 

( I a^A-IX  . ( I a,„X"')X  (A. 10) 

■ •0  — ni-O  ““ 

The  convergence  of  the  left-hand  series  in  (A. 10)  implies  the  convergence  of  the  series 
* n 

X for  every  eigenvalue  X in  A. 
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Besides,  it  is  knovm  that  this  series  of  powers  converges  if  the  eigenvalue  A belongs  to 
the  circle  of  convergence  the  series  (A.1).  O.E.D, 

As  a particular  case  of  the  theorem,  it  follows  that  the  series  (2.20): 

A* 

exp(A)  - 1 * A « . . . . , 


is  convergent  for  any  square  matrix  of  order  n with  complex  elements. 

APPENDIX  B 

A matrix  T(At)  is  called  unconditionally  stable  if  its  spectral  radius  p(T(at))  is 
less  than  one  for  each  At>o. 

Let  us  put  forward  the  following  THEOREM:  Suppose  that  Q = is  a square  matpix  of  order  n. 

If  Q is  irreducible  and  weakly  diagonally  dominant  with  positive  diagonal  entries,  then  the  eigenvalues 
of  Q possess  the  property: 


ReX,  >0  , KiCn  (B.1) 


We  may  note  that  X=o  is  now  an  eigenvalue  of  Q,  so  that  the  matrix  turns  out  to  be 
non-singular.  It  is  known  that  the  eigenvalues  of  Q belong  to  union  of  the  circles 


where 


I z - I < Tjj  , 1 ^ i ^ n 


(B.2) 


and  as  matrix  Q has  been  hypothesized  as  containing  positive  diagonal  elements,  it  may 
be  concluded  that  the  union  of  the  (B.2)  contains  only  points  on  the  complex  plane, 
where  the  real  part  is  positive.  Q.E.D. 

The  matrix  C“^ A in  section  2,  satisfies  the  hypotheses  of  the  theorem  and  thus  has 
eigenvalues  whose  real  part  is  positive. 

From  these  properties  it  follows  that  the  matrix  I + — C”^  A is  non-singular  for  any 
at>o  and  that  the  matrix: 


T(At)  - (1.-^  C-'A)  ’ (I  -^  C-'A) 


(B.3) 


is  unconditionally  stable. 

In  fact,  if  Aj^  is  an  eigenvalue  of  the  matrix  C“^  A,  the  eigenvalues  of  matrix  (B.3)  are: 

(1.  ^ \)'' 

Besides,  the  real  part  of  (1  + ^ A^^)  is  greater  than  the  real  part  *1^ 

At>o,  so  that  the  spectral  radius  of  matrix  (B.3),  as  is  now  demonstrated,  is  less  than 
one. 
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c 

c 

c 
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c 

c 

c 
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2 


3 


4 

687 

686 

68<; 


11  ^ 
118 
10« 
110 
111 
106 
loe 


101 


REGIME  IRANSITOPIC 

01  MEN  SIGN  AA(3I  iAG(3)  • F A ( 3 1 • 1 EbP  ( 10 24  > 

COMMON/Z/SE  .BE lA  tRE 

COMMON/ SI S/PG ,RI  #C1  ,3F  ,CS•Cfc^S#CE^F.7C.TIiCT.E.M 
RI  RAGGIQ  INTEPNC  OISCC 

RE  RAGGIO  ESTLPNC  OISCC 

Cl  GALORE  SPfcCIFICG  PRESSICNE  CCSTANTfc  FLUICC 
CS  CALORE  SPECIFJCO  ^'ATtRIALj  CCbTITUtNTE  OISCJ 
SF  SPESSORE  FLLIDC 

P PQRIATA  FLLIOC 
T TEMPO 

TI  TEMPERATLWA  I N|  21  ALE 

TG  TEMPERATLRA  GAS  CQl»aLSTl 

ALFA  COEFFICIEME  CCKVK2ICNE  FLlICC  R AF  F fi  t OC  AM  t NTU  CISCC 
AGFA  COEFFICIEME  CCNVC2ItNe  GAS  CC^tOSTl  CISCO 
SE  SPESSORE  OISCC  RAGGI C tSTERRC 
DENS  OENSI TA  DI SCC 

DENF  OCNSITA  FLLIOC  R AFF RE C C A Mfc ^ r C 
AMDA  CCNDUTTIVIIA  MATERIALh  DISCC 
M NLMERO  NODI 
DT  PASSO  TEMPCRALE 

CALL  PLCTS  ( I QLF  ,1  OaA  . *000  I -P02  1 * ) 

CALL  FACTORia-S) 

CALL  PLOT!  1*  tl*  1-31 
L = 1 

READ(5,£e7)PG,Rl  .Cl  ,SF  .CS.DENS.CEhF.TC.T  l.CT.t.M.SE.RE.ALFA.aETA, 
lAGFA  .P  .AMDA 

ReAO(5.e88K\AIII,I=I.3».(AG(;».i=l,2».(F/(I>.I=1.2> 

WR I TE( 6.889) 3E  .Rt  .ALF  A .RETA ,AGF  A.F.AMCA.PC.KI.C  I . SF * C3 . 0£N S . DENF . 

♦ TG#TI  .OI.E  .M 
DO  2 1=1,3 
ALFA=AA<  T ) 

CALL  RCTORI  ( L , ALF A , AGF A , F , A NC A ) 

L=L*1 
CONTI  NUE 
DO  3 1=1*2 
AGFA=AG( I ) 

ALFA=C.C6 

CALL  ROTORI  ( L lALF A , AGF A .F  ,/MC A I 

L=L  + 1 

CONTINLC 

CO  4 I =1 .2 

P=PA(  1 ) 

AGFA=0*2 

CALL  ROTORI  ( L . ALF A , AGF A * F , A MC A ) 

L=L  + l 
CONTI  NUE 

CALL  PLCT(40*  ,0.  ,59SI 

FORMA  T(F8«6*9Fe«3/*F9«6*I2/«/F7«3) 

FORMA  T(  7F  7*  3) 

FORMA  T(lHl*lOX,'DATl*.//lOX.6E20.7/.lDX,6e20.7/,lOX.eeiC.7// 

I lOX, •NLM*PLNTI *•*131 
STOP 
END 

SUBROLTINE  ROTORI  ( I NO  «ALFA  * ACF A , F * AMC A ) 

COMMUN/Z/SE  fBETA  tRE 

COMMDN/SI S/PG •RI•C1.SF•CS•CE^S*CE^F.TC*T1•CT.E»M 

dimension  A(S2  *52 ) .API  32*82 ) • SC ( 52 ) • E ( 52 ) • V 1 ( 52  I • V 2 ( 8 2 ) • C ( * 1 ) * T A ( 
>81 tTDC  26)  .XARC 30)  •YAR(3C> 

FORMAK  IHO.lOX  .ISHTEMPERATtFA  Afil/  , // / I 6 E 1 2 . 2 I » 

FORMAT! IHO • X OX ,1 8HTCMFEfiATLF A OlSCL  • /// ( ttE I 2 • 3 ) ) 

FORMAT!  IHI  • 1 0 X * 1 8H0E TE F m I k aA Tc  KULLC  ) 

FORMAT!  IHI  .lOX.^HSCLUZICAC) 

FORMAT! 1H0.5X*E10«1/*SX*(3E12.3) I 
FORMA T(  IHl  *22H  SCLUZICAE  ST  A 2 1 C KA F 1 A/ ) 

FORMAT!  IHl  (21HSCLU21CNE  AL  lE^FC  T « I * E 1 2 • 2 • 1 3FKCRM A V1-V2  E 1 D E 1 2 • 

• ) 

H=!RC-R I )/FLOATlM) 

N=M-1 
Nl =N-1 
N2=24N 
M 1 = M4>  1 
XAR! 1 )3RI 
DO  111 

XAR! 1 ) = XAR!  1*1 ) ♦H 
XAR!  29  ) =H  I 


n n 
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XAR( 30t -0*  03 
yAR{  2<3  1=0* 

YAR(  3Q>  sec* 

CALL  AXie(0*tO*  tOHRACGl 0 .C • (2V)  .X AR(30  ) ) 

CALL  AX1S(0*«0*.1SHTC»'PCRATLRA  ClbCCtltj«10.*90*»VAR(£S|.y^R(30M 
CALL  AXl«(9.,'J.*l:5MTCMPHR/iTUh#  ^hl<,-lfc,IJ.,90..yAR(£S»* 

*YAP{ 301 » 

N3=N2+l 

C0=0£NS»C  3 

APFAsAGFA/AMDA 

ZK=2* •ALFA/AMOA 

ZK  1 sA , ♦PG*ALF A/(C 1 API 

Nl  C = l 

2KP=OCNS*CS /AI-DA 
ZK  3=2*  ARGASP  *DEKF/F 
DO  KOI  -I 
DOlOOJsl .N2 
100  a:  r #j  » = c* 

C COSTRLZICNE  MATRICE  A 

on  1 1=2  ,M 

X=sRI*H*rLCAT{I  » 

XH=X-H/2. 

XP=X*H/2* 

AL  = XM*St  XMI/H 
AU=XP*S(  XPI  /H 
AV=2K*HAX 
A0=A  V4-ALAAL 
K = I-  1 

A<  I tK )s-AL 
K = I ♦! 

A(  I .K  >=-AL 
A(  I .1  >=AU 
K=N+» 

1 A(  I *K  l=-AV 
C PRIVM  RIGA 

X=RH-H 

«M«  X-H/2* 

XPsXAH/2* 

AU=(  XP*S(XPI-Xiy*£(XNI/3*»/H 

AV=ZX*H*X 

AO=AV4AL 

A(  1 *1  >=AD 

A(  1 *2  )«-AL 

K»N^l 

A(  t «K l=-A V 
C N-HA  RIGA 

X3RX4H*FL0AT(  M 
XM=X-H/2* 

XPSX4H/2* 

AL  = tXM*SCXPl-XP*<tXFI/C2**h<AFFA  + 3,l|/|- 
AV»ZK*H*X 

A0  = AV4AL4( 2*  *APF A/(2*  *H*APF/4  3*  ) ) *XP*S (XP  ) 

A{N*Nlla-AL 
AIN*  4I=AD 
A(N*N2I=-AV 

PARTC  MATRICE  A PCR  ALTPl  FuM  I IKT^PM*  PEP  10NC2  SI  FA  IL  StCONOO 
PUNTO  IMERKO 
0031 =P1 tNZ 
X«R  14H«FL0AT(  1 -A  I 
AL=1. 

AVaZKl «H*X 
A0=AL4A V 
K*I-l 

A(  I »K  I s-AL 
A(  I.I  )sAO 
K = I-N 

3 At  l«K  >s-A  V 
C NGl-'IA  MIGA 

XSRI4H 
AVSH*ZK1*X 
A0al*4A  V 
K = N41 
A C K t K I sAt) 

A( K.t ) =-A V 

C COSTRGZIONC  VETTCRE  B 

00201  I s 1 .NZ 

201  B(tl»C* 

XbR  14H  ATLOATC  M 
XPsX4H/2* 

81 N)  = XP*£(  XP ) *2*  AAPF  A4TG/ (£*«F  AAPFAAB • I 
B<  NI*T| 
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DO  1 »jC  1 si  .NS 
DU 150J=I 

ISO  APd  , J>sA(  I .J) 

00141=1 .NS 

14  SC(  I )=□(  I ) 

CALL  GELGC  SC  .AP  .N2  *1  .£: 

IF(  ICP.Se  .01  GC  TC  400 
C TEMPERA TLRA  AI  QCRDI 

Tn(  1 I = ( 4.  *SC(  I l-SC  ( 2 » 1/3. 

T0(M1  | = ( 2.  ♦H4APFA<  TG+4.  ♦SC(^^-SC  (^-l»  » / t2.*t-*AFFA*j.l 
TA(  n = T I 

TA(  Ml  l = ( SC(  N2I  +H*2K1  *RE4  rC  ( *1  M / < 1 • I I 

iKRi  TE  ( e • I ce  » 

DO  70  0 r=l  .N 

TDl  J1=SC(  I I 
IS  = d-N 

700  TA1J>=SC! I£» 

KIR  ITE  ( 6.8C0  >P  .AGFA  ,ALF  A 

800  FORMA  T(  lH0.*PCHTATA#'*Cl2.3»*AGFAi(('.Ei2.J.*ALF4#*,El<.2l 
4RITE(6ill8)  < TDd  I •!  =1  .Ml  ) 

■RITCtfi.llSI  ( TA(  1 » ,I  =1  .Ml  > 

DO  102  I =1  .Ml 
102  yAR(  I >=  70(  J ) 

CALL  LINE  ( XAR  ,YAn  ,2  3 . 1 .4  . C » 

DO  103  1 =l  .Ml 
1C3  YAR(  I ) = 7A(  I ) 

CALL  LINE  < XAR  . YAR  ,2  3 .1  .4  *2  I 
CALL  SVMHOL  ( 1 . . 6.  . 3 . 3 . 7h  A UF  A « .0.J.7K 

CALL  NUMBER  { . 990.  . 0 • 3 . ALF A #0  • . 2 I 
CALL  symbol  ( I • .£•  4 t 3.  J .Yt- AGF  a * .y.U,7) 

CALL  NUMBER ( 999.  .999.  .0.3  tACFA.O  • .2  » 

CALL  SYMHOL(  1 . .4. a ,0. 3 .7HF  A .O.OW) 

CALL  NUMBER! 999.  .999..C.3,F.0..3» 

00321  =1  .N 
X=HI+FLCATt I ) 4H 
C (I)=M4ZKP*X*S(X» 

K=  I+N 

3^  C( K)=H4ZK J4X 

C FliTNORMA  ERROWE 

F.  1 = 0. 

T=3. 

DO  1 51 =1  .N2 

15  VI ( I > =TI 
KkP1TE(6,1C8I  t!.T 
70: 1 »=TI 

TOC  Ml  K = TI 
TACMl 1=11 
TA  £ 1 I = T I 
00  331  I =1  .N 
J=I  + 1 

TO  £ J » = V I £ I > 

I 5=I+N 

301  TA(J)=V1(1E> 

KIR  1 TC  ( 6 .1  I 8)  : TD£  I » .1  =1  » 

«oiTE(e.ll9)  (TA(l),I=1.4i) 

DO  341  =l  •N2 
34  C£  ! )=1./C£  I > 

C VCTTJRE  DT*C-I*eA8 

DU361  =1  «N2 

36  0(  I )=C(  I l*B( I ) 401 

C MA TRICE  I-DT4C-1 AA/JAA 

00381 =l .N2 
00  38J  = l .N2 

AC  I • J l=-OT*C  £ M «A  £ I • Jl  /2. 

IF(I.EO.J)A  (l.J)sA  (t.J)+l. 

30  CONTINUE 

C VETTORE  DEI  TfcRMKl  NCTI 

300  DO  3 > 1 =1  «N2 

va<  n=o(  I) 

DO  39  J = 1 .N2 

39  V2(  1 l=A(  I , J)  * VI(j)4V2(II 

C MATRICC  1C0T4C-1 4A/2AA 

00  41  Ixl,N2 
DO  41  JS1.N2 
AC  1 • J ls-AC I • J) 

IFCI.FJ.JI  AC  1 £A  ( 1 • J)  42  . 

41  CONTINUE 

00  42  1=1. h2 
00  42  JX|.N2 

42  AP£ 1 • JIxACi 
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CALL  GLLO  ( V?  . Ak  .Na  *1  •£  * I E F.  1 
IFt  lEft.KC.  0»  GC  TC  > 

TOjn=tA.*>(25l>->(2(2»l/3« 

TO  ( Ml  > = ( 2 • •H  *APF  A«TG«>A*<;V2(M»V2(^-1  I » / (2*»h*APFA42«  I 
TA(  n =1 1 
R I =MC  AH 

TA{Ml)=<V2(N2»FZHIA«l*TC<»'M^^IC3*Pe»H*Vl(A2l/cr»/<l«4  2K|AfiJf^lC:-# 
XPK  ♦M/M  ) 

00  302  I tN 
J^I»l 

TD(  J) =V2(  I ) 

1 5 = I*-N 

302  TAC  J>  =V2t  I5» 

T=  T+0  T 

C CALCOLC  D1  NOKWA  5V2-V1< 

El=ePRi  VI  •V2,N2I 
KS=MOO(MO»10I 
ir  iKO.Ni.,  oiot:  TCi^o 
I T.  : £ , ic  e>  T ,L  i 

•R  I T-  I e , I I fc  ) [ TC  ( I ) • I - l .VI  I 

«PITE<e.lt9l  <TA(n,Isl.vi) 

I M I = 1 , ft'l 
\QA  YAP(  I ) = TO!  I I 

CALL  LIM.  ( # rAP  .2  j •!  ,4  »0  ) 

DO  3^  I =1  •fr'l 
99  VAR( I ) =TA(  J » 

CALL  LIM  { XAR  .VAR  .2a.l  ,4  ,2) 

146  irCfcl.LT.5.1  GC  tC  |45 
EI=E:RP(  sc  .V2,N2) 

IF(Cl •LT.5. » GC  TC  1000 
145  on  115  I=l .N2 
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SUMMARY 


A comparison  is  presented  between  the  predictions  of  a mathematical 
model  of  chemically  reacting  flow  and  measurements  of  species 
concentrations  and  velocities  in  a small  scale  research  combustor 
burning  propane  and  air.  The  mathematical  model  is  a three- 
dimensional  finite  difference  method  for  solving  the  time-averaged 
conservation  equations  in  turbulent  flow.  The  Reynolds  stress  terms 
are  modelled  with  a two-equation  (k  -^)  model  of  turbulence  and 
account  is  taken  of  the  effect  of  turbulent  fluctuations  on  the 
combustion  reactions.  Generally  good  agreement  is  obtained  between 
predictions  and  measurements  which  include  local  gas  velocities  and 
the  important  chemical  species  (H^O,  0 , N^,  CO  , CO,  and  UHC).  The 
tests  were  performed  with  an  air  inlet  temperature  of  570  K,  a 
chamber  pressure  of  2.1  bar  and  an  equivalence  ratio  of  0.69  in  the 
primary  zone  (0.34  overall). 


Nomenclature 


b 

Cb 

Cfi 

CE2 

e 

g 

k 

h 

P 

Rc02 

t 

u 


Xh 


e 

/*- 

? 


Coefficient  in  equation  13 
Constant  in  equation  21 

Constant  controlling  dissipation  of  concentration  fluctuations 
Constant  controlling  production  of 
Constant  controlling  dissipation  of 
Constant  in  turbulent  viscosity  (equation  9) 

Deformation  tensor 
Metric  tensor 
Turbulence  energy 
Enthalpy 
Static  pressure 

Rate  of  formation  of  CO2  by  chemical  reaction 
time 

Velocity  tensor 

Mass  fraction  of  hydrogen  element 
Mass  fraction  of  CO2 
Kronecker  delta 

Fluctuation  in  hydrogen  element 
Dissipation  rate  of  turbulence  energy 
Viscosity 
Densl ty 

*'Prandtl/Schmidt  number"  for  diffusion  of  k 
"Prandtl/Schmidt  number"  for  diffusion  ' f E 


Subscripts  L Superscripts 


1,  j.  1,  " 

T 

1.  2 


max 

air 

fuel 


Tensor  indices 
Turbulent 

Elements  of  probability  distribution 

"Favre"  average 

Ensemble  (or  time)  average 

Fluctuating  value 

Maximum  value 

of  air  inlet  stream 

of  fuel  inlet  stream 
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1 . INTRODUCTION 


For  many  yf^ars  the  design  of  gas  turbine  combustion  chambers  has  been  based  on  the  use  of 
empirical  models  of  flame  behaviour  which  attempt  to  correlate  overall  performance  with  inlet 
air  conditions  and  simple  geometrical  factors  such  as  chamber  volume.  These  technlQues  have 
been  successful,  but  only  when  used  for  the  extrapolation  of  well  proven  designs  to  combustors 
of  essentially  similar  shape.  Any  large  scale  departures  from  established  geometries  would 
require  the  development  of  new  correlations  to  ensure  reliable  prediction. 

Even  in  situations  where  the  overall  performance  of  a combustor  design  could  be  predicted  with 
some  confidence  it  has  still  been  beyond  the  designer’s  capabilities  to  describe  accurately  the 
more  detailed  features  of  the  flame  such  as  outlet  temperature  traverse.  There  has  always  been, 
therefore,  a motive  for  improvement  in  combustion  prediction  procedures  but  until  recently 
neither  the  requirement  nor  the  means  available  has  been  powerful  enough  to  merit  any  large 
divergence  from  tradition.  The  current  eo^hasis  on  research  into  combustion  generated  aircrift 
pollution  and  the  availability  of  both  advanced  numerical  methods  and  third-generation  digital 
computers  has  swung  this  balance.  There  is  now  a great  deal  to  be  gained  from  a fundamental 
change  in  the  way  combustors  are  designed  and  good  reason  to  believe  that  this  change  can  be 
carried  out  successfully. 

With  the  prediction  of  combustor  based  pollutant  levels  as  an  ultimate  goal,  Rolls-Royce  Ltd 
and  NOTE  have  been  developing  an  advanced  prediction  procedure  for  gas  turbine  combustion. 
Concurrent  with  this  development  a small-scale  high  temperature  and  pressure  combustor  research 
facility  was  installed  at  NOTE  and  equipped  with  extensive  gas  analytical  and  other  instrument- 
ation. 

2.  THE  EXPERIMENTAL  ARRANGEMENT 

2.1  The  NOTE  model  combustor  facility 

The  original  version  of  the  NOTE  model  was  purpose-built  for  flame  radiation  measurements  and  a 
detailed  description  has  been  published  (1)*.  Throughput  limitations  of  this  early  chamber 
resulted  in  high  heat  losses  from  the  flame  and  provided  the  motive  for  the  design  and 
construction  of  the  present  model  combustor  facility.  Five  separately  controlled  and  metered 
air  inlet  supplies  are  available,  four  at  up  to  50  bar  and  one  at  up  to  100  bar.  Total  air 
mass  flows  at  the  two  pressures  are  0,9  kg/s  and  0,12  kg/s  respectively.  Three  of  the  50  bar 
supplies  may  be  heated  independently,  without  vitiation,  to  provide  air  inlet  temperatures 
ranging  from  ^ 300  K to  1000  K.  All  supplied  air  is  dried  to  a dewpoint  of  approximately 
233  K.  The  facility  includes  three  fuel  supply  systems,  one  for  gaseous  propane  and  two  for 
aviation  kerosine.  The  current  design  of  combustor  outer  shell,  exhaust  valve  and  probe 
traversing  system  has  allowed  operation  at  up  to  40  bar  combusto.'  operating  pressure. 

2.2  Combustion  chamber 


The  experimental  data  reported  in  this  paper  were  obtained  from  the  combustion  chamber  shown  in 
Figure  1.  Primary  zone  air  was  admitted  to  the  chamber  by  a straight-bladed  20^  swirler  fitted 
into  the  flat  base-plate  and  fed  from  a high  pressure-drop  radial  distribution  system.  Propane 
fuel  was  introduced,  as  vapour,  by  means  of  a simple  burner,  as  shown,  with  equi-spaced  holes 
around  its  periphery.  These  holes  were  aligned  so  as  to  direct  the  radial  propane  jets  across 
the  downstream  edges  of  the  corresponding  swirler  vanes.  Remaining  areas  of  the  baseplate  were 
either  conduction  or  convection  cooIckI  with  any  cooling  air  exhausted  separately  to  atmosphere. 

The  combustor  liner  was  a cylinder  manufactured  from  a fabricated  transpiration-cooled  material. 
Air  supply  to  the  cooled  wall  and  the  six  equi-spaced  dilution  holes  was  via  two  plenum  chambers 
surrounding  the  cylinder  itself.  The  downstream,  converging  section  of  the  chamber  was  non- 
porous  and  was  a close  sliding  fit  over  the  end  of  the  main  cylinder. 

The  rig  was  fitted  with  a multi-degree-of-f reedom  traversing  apparatus  which  allows  a probe  to 
be  positioned  with  its  tip  anywhere  in  the  combustion  space  and  with  any  orientation  about  its 
own  axis.  Operation  of  the  combustor  was  entirely  remote  and  measurement  of  inlet  air  and  fuel 
flows  and  all  other  Important  rig  parameters  was  carried  out  by  a dedicated  on-line  computer 
system  providing  real-time  display  of  operating  conditions. 


2,3  Gas  Analysis 

Gas  samples  were  acquired  by  means  of  a water-cooled  single-point  cylindrical  probe  with  the 
central  tube  temperature* held  at  approximately  340  K.  The  sample  was  transferred  from  the  probe 
to  the  instruments  via  5 m of  5 mm  bore  stainless  steel  tube  heated  to  420  K.  A wide  range  of 
gas  analysis  equipment  is  available  in  the  facility.  Results  published  in  the  paper  were 
obtained  from  three  instruments,  as  follows  :- 

a.  A multi-component  integrated  chromatograph  measuring  O , N , CO  and  CO 
concentrations  in  a dried  sample. 

b.  A slug  injection  flame  ionisation  detector  for  determination  of  unburnt  hydro- 
carbon levels  as  CH.  equivalent. 

4 

c.  A chemiluminescence  NO  meter  equipped  with  a stainless  steel  reducing  converter 
for  NO^  (and  hence  NO^)  measurement. 


* Numbers  in  brackets  in  the  text  designate  references  at  end  of  paper. 


iMcv.  ....  V 
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Control  of  the  instruments  was  automatic  and  data  handling,  including  integration  of 
chromatographic  peaks,  system  calibration  and  noise  rejection, was  carried  out  on*llne  to 
the  computer  system  mentioned  above. 

2,4  Velocity  Measurement 

Velocity  measurements  were  performed  with  a 7-hole  spherical-end  pitot  probe  (2),  The  probe 
head  is  constructed  of  a platinum,'^ rhodium  alloy  and  is  connected  to  a water-cooled  stainless 
steel  shaft  of  similar  length  and  outside  diameter  to  the  gas  sampling  probe. 

The  design  and  operation  of  the  probe  allows  it  to  sense  velocity  direction  and  magnitude  at 

any  point  in  the  chamber  while  requiring  only  a single  point  of  access.  As  for  the  gas 

analysis  measurements,  all  velocity  data  were  handled  on-line  by  the  conq^uter  system. 

3.  DISCUSSION  OF  EXPERIMENTS 

In  this  section  we  discuss  the  experimental  results  obtained  and  comment  on  their  accuracy  and 
general  suitability  for  comparison  with  numerical  predictions.  Only  a limited  fraction  of  the 
data  is  presented  in  the  paper.  Three  major  features  are  discussed;  the  accuracy  of  the  data 
in  absolute  terms,  the  closeness  of  the  flame  to  the  required  symmetry  and  the  production  of 
nitrogen  oxides  in  relation  to  the  theoretical  model  most  connoonly  used  for  predictions. 

3.1  Accuracy 

Since  all  experimental  data  were  obtained  with  physical  sampling  probes  they  are  subject  to 
the  complication  of  flow  disturbance  by  the  probe  and  associated  inaccuracy.  The  paper  makes 
no  attempt  to  shed  light  on  this  well  known  problem  except  to  say  that  the  probes  used  were  as 

small  as  were  consistent  with  rigidity  and  long  life.  A more  subtle  biasing  of  the  data 

resulting  from  the  use  of  physical  probes  is  the  influence  of  density  fluctuations  on  the 
composition  of  the  time-averaged  sample.  Once  again,  we  make  no  attempt  to  assess  this 
quantitatively  but  suggest  that  both  the  gas  analytical  and  velocity  data  presented  here  will 
be  closer  to  Favre  (3)  averages  than  simple  time  averages  - they  will  tend  to  be  mass  weighted 
by  the  probes*  sampling  action.  Having  once  acquired  the  sample,  there  exists,  in  the  case 
of  gas  analysis,  a further  potential  source  of  error  from  continuing  reaction  in  the  probe  and 
transfer  line  itself.  In  practice  this  is  minimised  by  thermostatic  control  of  these  items 
and  in  the  current  context  is  thought  to  result  in  negligible  inaccuracy  compared  with,  for 
Instance,  the  flow  disturbance  caused  by  the  probe. 

We  shall  now  consider  the  data  from  the  point  of  view  of  repeatability  and  self-consistency. 

Both  the  gas  analysis  instrumentation  and  che  velocity  probe  pressure  transducers  exhibited  a 
mean  repeatability  of  better  than  0.5  per  cent  and  estimated  test  point  setting  accuracy  was 
±2  per  cent  referred  to  outlet  fuel/air  ratio.  Point-to-point  repeatability  of  the  gas 
analytical  measurements  was  of  the  order  of  ±4  per  cent  of  reading  over  the  entire  range  of 
condi tl ons  covered . 

A comparison  between  metered  air  mass  flow  and  a mass  flow  integrated  from  the  velocity  measure- 
ments is  given  in  Table  1. 


TABLE  I 


Distance  from 
baseplate 
(mm) 

Metered  flow  (g/s) 
(uniform  cooling 
air  injection) 

Mass  flow  calculated  from 
integrated  velocity  data 
(g/s) 

Cold 

Hot 

17 

48.9 

25.0 

57.7 

27 

49.9 

35.3 

58.1 

47 

52.1 

37.7 

61.1 

67 

54.3 

38.0 

- 

87 

56.5 

38.2 

- 

107 

58.7 

72.2 

- 

137 

88.9 

67.7 

- 

165 

92.0 

109.3 

- 

This  shows  inconsistency  in  the  probe  data  and  generally  poor  agreement  with  the  metered 
flow  rates  which  may  be  attributable  to  two  shortcomings  in  the  velocity  measurement 
technique.  In  the  first  place  the  rectangular  sampling  grid  does  not  allow  full  coverage 
near  the  combustor  wall  and  this  could  result  in  a finite  proportion  of  the  flow  being 
ascribed  an  erroneous  velocity  during  the  integration  process.  Secondly,  the  performance 
of  spherical  probes  is  known  to  be  suspect  in  regions  of  high  total  pressure  gradient 
where  yaw  direction  can  be  heavily  biased.  Despite  manufacturing  efforts  to  the  contrary, 
the  spherical  probe  still  remains  large  in  comparison  with  shear  layer  widths  in  the 
combustor  and  there  is,  perhaps,  no  reason  to  hope  for  better  results. 
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The  gas  analytical  results  present  a more  successful  picture,  as  can  be  seen  from  Figure  2, 
Here  we  are  comparing  metered  and  "measured"  or  "sampled"  fuel/air  ratios  at  a number  of 
planes  along  the  combustor.  The  metered  line  is  based  on  the  hypothesis  that  the  cooling  air 
is  injected  uniformly  through  the  wall  thus  achieving  the  gradual  reduction  in  fuel/air  ratio. 
Both  area  weighted  and  a few  mass  weighted  "sampled"  fuel/air  ratios  are  shown  on  this  graph, 
the  latter  including  the  effect  of  the  suspect  velocity  data  discussed  earlier.  In  general 
the  agreement  is  good,  improving  as  we  progress  along  the  chamber  until  the  dilution  zone 
where  the  relationship  between  metered  and  measured  fuel/air  ratios  is  excellent. 


3,2  Traverse  Symmetry 

It  is  a well  known  feature  of  combustion  chamber  aerodynamics  that  an  apparently  trivial  change 
in  the  boundary  conditions  of  the  flow  can  produce  massive  changes  in  the  behaviour  of  the 
enclosed  flame.  An  important  achievement  of  the  present  work  is  that  the  flame  as  analysed 
does  not  depart  to  any  significant  degree  from  the  symmetry  to  be  expected  from  the  chamber 
geometry.  This  is  demonstrated  in  Figures  3 and  4 which  show  fuel/air  ratio  contours  for 
stations  27  mm  and  117  mm  from  the  chamber  baseplate,  respectively.  The  former  plot  indicates 
a series  of  essentially  concentric  circles  consistent  with  the  swlrler  feed  to  the  primary  zone 
while  Figure  4 corresponds  to  the  dilution  air  entry  plane.  The  six  dilution  Jets  are  clearly 
visible.  Circumferential  averaging  of  the  data  forces  axlsyrametry  and  a comparison  of  such  a 
plot  with  a typical  diametral  plane  is  shown  in  Figure  5.  It  is  clear  that  this  process  of 
spatial  data  smoothing  which  is,  of  course,  necessary  (upstream  of  the  dilution  plane  at  least) 
prior  to  comparison  with  predictions  does  little  to  modify  any  of  the  salient  features  of  the 
flame. 


3,3  Oxides  of  Nitrogen 

The  study  of  NO  production  is  of  prime  importance  in  the  field  of  aero-engine  pollution 
research  because  its  minimisation  requires  the  most  radical  departures  from  current  combustor 
design  practice.  A comparison  between  adiabatic  flame  temperature  and  NO  concentration  is 
given  in  Figure  6.  The  region  of  highest  temperature  coincides  broadly  w^th  the  measured 
recirculation  zone  (Figure  9)  but  there  is  no  similar  relationship  with  the  NO  concentration 
At  first  sight  this  is  contrary  to  the  well  known  dependence  of  NO  production*rate  on  local 
gas  temperature  but  can  in  practice  be  explained  on  a number  of  counts,  the  principal  one  of 
which  is  thought  to  be  the  method  used  to  calculate  flamr  temperature  from  the  gas  analysis 
results  which  takes  no  account  of  turbulent  fluctuations  and  instead  uses  time  mean  fuel/air 
ratios  to  calculate  time  mean  temperatures.  In  addition  the  oxygen  availability  in  the 
recirculation  zone  is  very  limited,  and  the  gas  analysis  data  in  this  region  does  show  very 
small  concentrations  of  oxygen  and  also  quite  large  amounts  of  unburned  hydrocarbons. 


4.  THE  PREDICTION  METHOD 

The  method  is  a fully  three-dimensional  finite  difference  solution  of  the  Navier-Stokes 
equations  for  fluid  flow,  where  recirculation  is  allowed  in  any  of  the  three  co-ordinate 
directions  (i,e.  it  is  fully  elliptic).  The  solution  variables  are  the  three  velocity 
components,  pressure,  turbulence  energy  and  dissipation  rate,  a conserved  scalar  quantity 
and  its  variance.  In  the  present  work  the  scalar  is  taken  to  be  the  total  mass  fraction  of 
hydrogen  present  in  any  molecular  form.  Another  choice  would  be  needed  for  fuels  not 
containing  hydrogen.  In  addition  other  equations  may  be  solved  to  handle  pollutant  chemistry: 
for  the  data  presented  these  are  CO^  concentration  and  its  variance. 

The  finite  difference  method  is  a conservative,  implicit  scheme,  with  central  differencing 
except  in  regions  of  large  convection  where  upwind  differencing  is  used  to  prevent  negative 
coefficients  arising.  The  resulting  equations  are  solved  in  an  ADI  scheme  such  as  may  be 
found  in  Roache  (4)  and  incorporated  into  a computer  program  called  PACE.  (Prediction  of 
Aerodynamics  and  Combustor  Emissions). 

4,1  The  Equations  of  Motion 


The  Navier-Stokes  equations  form  the  basis  of  the  computation  for  fluid  flow  and  these  may  be 
written  in  general  tensor  form  as 

where  T*--'  is  the  complete  stress  tensor,  which  for  a Newtonian  fluid  may  be  written  as 


where 


the  deformation  tensor 


(2) 

(3) 
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Fquations  <1)  and  (2)  apply  to  the  instantaneous  velocity  distribution,  and  may  be  used  directly 
in  laminar  flow,  but  have  to  be  averaged  for  use  in  a turbulent  flow  (see  Section  4.2). 

To  complete  the  description  of  the  velocity  field  the  continuity  equation  is  used.  This  may 
be  written  in  the  form 


4,2  The  Turbulence  Model 


Equations  1,  2 and  4 are  first  rewritten  with  the  velocities  decomposed  into  mean  and 
fluctuating  components  in  the  manner  used  by  Favre  (3)  such  that 


and 

0^  = 


Equation  (4)  on  averaging  then  becomes  simply 


(p  uO.i."  0 


and  the  momentum  equations  (1)  become 


From  equation  (2)  the  time  averaged  stress  tensor  is 


The  Reynolds  stress  term  in  equation  (7)  is  related  to  the  mean  rate  of  strain  via  the 
introduction  of  a turbulent  viscosity  to  give:- 


where  Ic  is  the  turbulence  kinetic  energy  ^ 

V 

I 

I 

■ • '’..•.v.  . ».  -..t . 


and  the  turbulent  viscosity 


is  given  by 


r’ 

following  the  two-equation  model  of  Jones  and  Launder  (5) 

Examination  of  equation  8 shows  that  in  the  expression  for 
averaged  velocities  appear.  In  order  to  relate  these  to  the  Pavre-averaged  velocities 
of  the  remaining  terms,  information  about  the  velocity -density  correlations  would  be 
required.  Since  the  term  represents  only  molecular  shear  effects,  which  are  negligibly 
small  in  comparison  with  the  turbulent  terms  in  the  flows  considered,  it  would  be  Justifiable 
to  omit  it  altogether.  In  regions  of  flow  where  this  term  could  be  sigjjj^f leant  the  turbulence 
intensity  will  be  low  and  therefore  the  replacement  of  with  is  a reasonable 

approximation.  This  procedure  has  therefore  been  adopted. 

The  time-averaged  momentum  eqxiation  (7)  becomes: 


only  conventionally- 


p U^uj).j*g^j  (f^*lpk).j  +[(>j+JJt)( 


g'^j  urn 


m 


The  equations  for  the  transport  of  turbulence  mergy  and  dissipation  rate  are,  following 
Jones  and  Launder  (5)  :- 


(p  uJkl.j  ■ [ 

1 .-pu'-uj  ■ uli-pe 

(12) 

(p  uJelj  “ [ 

|,j-CiPGaiui  - C2  p e\ 

(13) 

where 


The  constants  appearing  in  the  above  expressions 

are  given  the  values  in  Table  II.  The  values  are  similar  to  those  of  Jones  (6). 
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TABLE  II 


Valutas  of  th«»  pinpirical  constants 


The  system  of  equations  (10-'13)  represent  a closed  set  provided  that  the  fluid  density 
Is  known.  Calculation  of  this  property  will  be  discussed  in  Section  4.3 

4.3  The  Combustion  Model 

The  model  Is  required  to  predict  mean  temperatures,  densities  and  co^>osltlons  at  each  point  In 
the  flow.  Four  variables  are  used  to  characterise  the  composition.  These  are  the  hydrogen 
element  mass  fraction  Kh  i variance,  and  the  concentration  of  CO^  and  Its  variance. 

The  equations  describing  the  transport  of  Kh  and  its  variance  are: 


(p  ^ X?),j=  («  gj*X?,l).j  . X„  j -Cb  P ^ xj 
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the  Halts  on  are  not  reached,  then  equal  times  are  allowed  in  each  element.  The 

individual  hydrogen  mass  fractions  are  then  calculated  by: 


— Maximum 

» Minimum 


(Xh‘*'Sm^  yM/n*x) 

(Xh~^h,  oj 


(18) 


It  is  further  assumed  that  fluctuations  in  CO^  concentrations  ar^nerfectly  correlated  with  the 
hydrogen  atom  fluctuations.  Then  in  each  of  the  gas  states  and  *re  known. 

All  the  other  major  chemical  species  present  (H^O,  CO,  N , O^,  CxHj?)  may  then  bt  found  from  the 
element  mass  balance,  with  the  additional  assumption  that  the  initial  hydrocarbon  breakdown  is 
very  rapid  in  comparison  with  the  CO  consumption  rate,  i.e. 


Cx O2  -xCO  + l-l^O  instantaneously 


This  implies  that  instantaneously  fuel  and  air  cannot  co*exist.  However,  it  is  quite  possible 
that  the  fluctuations  will  cause  one  S "function  to  contain  fuel  rich  mixtures  while  the 
other  is  fuel  weak,  resulting  in  a mixture  containing  both  fuel  and  oxygen  on  a mean  basis. 

Having  obtained  the  major  species  concentrations,  the  temperature  in  each  gas  element  is 
calculated  by  Newton-Raphson  iteration  of  the  JANAF  enthalpy-temperature  polynoalnals  (7). 

The  enthalpy  is  assumed  to  be  linearly  related  to  the  hydrogen  concentration,  i.e. 


The  density  in  each  gas  element  is  calculated  from  the  ideal  gas  law,  with  the  assumption  that 
pressure  fluctuations  are  negligible  (or  uncorrelated  with  concentration).  Reaction  rates  may 
now  be  calculated.  The  important  reaction  is  taken  to  be 


CO ‘OH 


(20) 


In  the  rate  equations  the  density,  temperature  CO,  CO^,  and  concentrations  are  known. 

The  concentrations  of  O,  H^,  OH  and  H are  calculated  by  partial  equilibrium  assumptions.  The 
rate  constant  for  reaction  20  is  taken  from  Baulch  et  al  (B). 

The  mean  fluid  density,  temperature,  species  concentrations  and  reaction  rates  are  now  computed 
knowing  the  time  spent  in  each  state,  and  these  may  be  compared  with  measured  man  concentrations, 
which  will  also  be  density  weighted  averages,  since  they  were  collected  using  a sampling  probe 
as  described  in  Section  4.1. 

4.4  Fuel  Droplets 

The  computer  programme  has  the  capability  and  has  been  used  to  calculate  liquid  fuel  spray 
combustion  chambers.  However,  since  the  present  paper  is  concerned  only  with  gaseous  fuels  no 
further  details  are  presented  here. 

4.5  Solution  Procedure 

The  method  is  a guess  and  correct  procedure,  similar  to  that  of  Chorin  (9),  Harlow  k Welch  (10) 
and  Patankar  li  Spalding  (11).  The  three  momentum  equations  are  solved  sequentially,  using  a 
guessed  pressure  field.  The  continuity  equation  is  then  used  to  set  up  an  equation  for  a 
pressure  correction  which  can  be  used  to  correct  the  velocity  field  so  that  continuity  is 
satisfied.  This  pressure  correction  added  to  the  gpiesaed  pressure  then  provides  the  new  guess 
for  the  next  itera^^^n  cycle.  Having  obtained  the  corrected  velocity  field,  the  scalar 
variables  ( K||  , » droplet  ecmcentrations)  are  solved.  Note  that  enthalpy  is  not 

solved  explicitly:  the  assumptions  are  made  that  fluctuations  in  enthalpy  are  produced  only  by 
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fluctuating  chemical  composition,  and  not  by  direct  heat  conduction,  and  also  that  the 
combustion  chamber  side  walls  are  adiabatic.  With  these  assumptions  the  enthalpy  equation  Is 
Identical  to  that  for  the  hydrogen  concentration,  and  the  calculated  In  each  gas  element 

Is  sufficient  to  determine  the  element  enthalpy  also  (Equation  19). 


5.  COMPARISON  OF  PREDICTIONS  WITH  EXPERIMENT 

5.1  The  Computing  Grid  and  Boundary  Conditions 

Predictions  were  only  performed  in  the  cylindrical  measurement  region.  The  conical  nozzle  war. 
not  included,  and  so  the  geometric  mesh  boundaries  were  set  up  along  the  chamber  walls.  This 
greatly  simplified  the  boundary  treatment  required.  The  solid  obstruction  of  the  Injector  was 
handled  by  fixing  values  of  all  the  variables  Inside  the  Injector. 

To  obviate  the  need  to  solve  a complete  (or  half  section)  chamber,  the  20  propane  Jets  and  swirl 
vanes  were  simulated  by  18  of  equivalent  total  area.  Thus  a 60^  sector  could  be  used  containing 
one  dilution  Jet,  and  three  injector  holes  and  swirl  vanes,  representing  one-sixth  of  the  chamber. 
This  allows  the  available  mesh  to  be  distributed  more  finely  in  the  circumferential  direction. 

A grid  size  of  18  x 15  x 12  was  used  in  the  axial,  circumferential  and  radial  directions 
respectively,  compressed  where  necessary  to  give  resolution  of  the  swlrler,  Injector  and 
dilution  Jet  details. 

The  boundary  conditions  for  all  the  fluid  entry  points  were  known  from  the  mass  flows  and  fluid 
composition  provided.  The  solid  areas  of  the  baseplate  were  assumed  adiabatic  and  so  the  normal 
gradient  of  all  species  concentrations  was  taken  to  be  zero.  For  the  transpired  wall,  the 
values  of  the  variables  were  taken  to  be  given  by  the  properties  of  the  entering  flow,  and  the 
surface  assumed  shear  * free.  At  the  exit  of  the  chamber  the  axial  gradient  of  all  variables 
was  set  to  zero. 


Fuel/Air  Ratio  and  Velocity  Comparisons 

These  two  comparisons  are  grouped  together  because  they  are  not  primarily  dependent  on  the 
details  of  the  chemistry  as  are  the  composition  comparisons  shown  later.  Attention  la  d.rawn 
first  to  the  radial  profiles  of  fuel/alr  ratio  (Figure  7)  because  of  some  features  here  idilch 
directly  influence  all  other  comparisons.  The  predicted  profiles  do  display  the  correct 
behaviour  **  high  (rich)  values  In  the  centre  of  the  duct,  which  at  the  lowest  plane  of  measure* 
ment  are  at  a fairly  constant  level,  a slight  peak  around  20  mm  radius  followed  by  a fall  to  a 
much  lower,  constant  level  In  the  outer  region  of  the  chamber.  The  gradient  reduces  with  down- 
stream distance,  while  the  maximum  value  remains  close  to  the  centre. 

Some  defects  are  apparent  however.  The  most  Important  of  these  is  that  the  prediction  does  not 

have  sufficient  penetration  of  fuel  into  the  swlrler  air  stream.  This  is  responsible  for  both 
the  low  values  in  the  outer  region  and  the  high  values  near  the  centre  at  the  first  plane  of 
comparison.  It  is  worth  noting  that  earlier  runs  of  the  program  were  done  with  no  allowance 
for  the  wakes  of  the  swirl  vanes,  and  in  those  cases  the  fuel  concentration  fell  to  virtually 
zero  at  the  outside  of  the  chamber.  In  the  predictions  presented,  the  swlrler  wakes  were 
simulated  by  setting  the  axial  velocity  to  zero  at  the  circumferential  location  of  the  swirl 
vanes.  ITie  relative  angular  positions  of  the  propane  Jets  and  swlrler  wakes  does  not  appear 
significant,  since  the  Jets  have  spread  to  coalescence  before  reaching  the  swlrler  radius.  In 
fact  the  spreading  angle  of  these  Jets  is  somewhat  greater  than  that  of  a free  Jet  in  stagnant 
surroundings.  The  available  grid  resolution  does  not  allow  many  grid  lines  in  any  one  propane 
Jet,  and  this  Is  probably  the  reason  for  the  large  spreading  rate  predicted.  A consequence  of 
the  spreading  is  that  the  proportion  of  the  Jet  which  penetrates  the  swlrler  wake  will  contain 
less  propane  than  In  the  experiment,  and  this  is  likely  to  be  the  cause  of  both  the  rich  centre 

and  the  weak  outer  region  of  the  predicted  profiles  at  the  lowest  plane  of  comparison.  TTie 

recirculation  zone  is  too  rich  therefore,  but  downstream  of  the  end  of  the  recirculation, 
profiles  of  fuel/alr  ratio  are  In  excellent  agreement  with  the  measurements,  llte  lack  of 
further  smoothing  of  the  profile  at  the  end  of  the  chamber  is  due  to  the  spareness  of  axial  grid 
nodes  in  this  region:  an  additional  mesh  line  here  would  undoubtedly  improve  the  exit  profile. 
Figure  8 shows  that  the  axial  variation  of  fuel/alr  ratio  Is  well  predicted  (as  indeed  it 
should  be).  The  addition  of  dilution  air  between  117  and  128  zm  from  the  baseplate  may  be 
clearly  seen  In  this  figure. 

Turning  now  to  the  axial  velocity  contours  (Figure  9)  it  may  be  seen  that  the  recirculation 
length  is  fairly  well  predicted.  This  is  quite  a critical  test  and  indicates  that  the  numerical 
method  and  turbulence  model  are  producing  the  correct  behaviour.  Of  course,  the  numerical  method 
Itself  has  been  subjected  to  a number  of  verification  tests  for  flows  with  analytically  known 
solutions  - however,  the  real  test  must  always  be  comj>arlson  with  a detailed  experiment  such  as 
reported  here.  It  is  worth  noting  here  that  the  recirculation  length  was  found  to  be  sensitive 
to  the  turbulence  intensity  level  of  the  swlrler  alrstream.  The  predictions  reported  here  are 
with  20%  turbulence:  a much  longer  recirculation  was  found  with  low  inlet  turbulence.  Some 
experimental  work  Is  being  pursued  currently  to  measure  the  swlrler  exit  air  velocity  and 
turbulence  Intensity  distribution  to  enable  a realistic  specification  of  boundary  conditions  to 
be  supplied.  It  is  likely,  however,  that  turbulence  generation  in  the  region  of  the  swlrler 
wakes  will  produce  values  In  the  region  of  the  20%  assumed.  The  10  and  20  m/s  contours  are 
apparently  much  longer  than  measurements  indicate.  This  can  be  attributed  partly  to  the 
inaccuracies  Involved  In  measuring  low  velocities  in  a highly  turbulent  flow  with  the  type  of 
probe  used.  The  actual  location  of  zero  axial  velocity  should  however  be  quite  correct.  At  47mn 
from  the  baseplate  measured  velocities  are  higher  than  predicted  everywhere:  the  integrated 
velocity  data  gives  a isass  flow  about  16%  too  high  at  this  plane  (Table  I)  whereas  the  integrated 
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predictions  do  givs  the  correct  aass  flow.  This  is  an  indication  of  the  difficulties  in 
Measuring  velocity  accurately  in  a turbulent  coaburting  flow.  In  addition  since  the  velocity 
probe  actually  records  dynaaic  head,  the  density  used  will  influence  the  velocities  quoted. 

One  feature  which  is  apparent  froa  the  United  da‘;a  available  is  that  the  high  velocity 
( ^ 40  a/s  ) region  does  not  extend  sufficiently  far  downstrean.  This  high-velocity  area  Is 
associated  with  the  swirler  air  streaa,  and  it  is  quite  likely  that  the  lack  of  penetration 
of  fuel  aentioned  earlier  is  responsible,  since  the  predicted  local  gas  density  will  be  higher 
than  it  should  be  in  the  outer  regions,  and  hence  higher  velocity  will  be  lower.  The 
overall  Measured  mass  error  must  also  be  borne  in  wind  here  however. 

In  general,  therefore  the  aerodynamic  features  of  the  flane  have  been  reasonably  well  predicted, 
and  the  model  is  quite  satisfactory  in  these  respects. 


5.3  Composition  Comparisons 

The  discrepancies  noted  earlier  in  connection  with  the  fuel/air  ratio  profiles  should  be  borne 
in  mind  while  Judging  the  comparisons  made  here.  The  carbon  monoxide  and  unburned  hydrocarbon 
concentrations  predicted  are  a direct  result  of  the  chemical  aspect  of  the  isodel  chosen,  and  so 
if  fuel-air  ratio  and  velocity  distributions  were  correct,  these  comparisons  will  indicate 
whether  the  simple  chemistry  is  adequate. 

However,  because  of  the  peaks  in  fuel/air  ratio  which  persist,  there  are  regions  of  the 
predicted  flow  which  are  richer  than  stoichiometric,  and  it  is  these,  in  combination  with  the 
rich  element  of  the  probability  distribution,  which  are  responsible  for  some  of  the  defects  in 
the  unburned  hydrocarbon  and  CO  predictions.  Figure  10  shows  the  mean  radial  profiles  of 
unburned  hydrocarbon  concentration,  and  it  is  clear  that  this  mechanism  has  caused  peak  values 
nearer  the  centre  than  th«  measurements  show.  The  predictions  indicate  that  the  unburned 
hydrocarbons  persist  in  the  mixing  region  between  the  swirler  air  and  the  propane  stream  and 
are  subsequently  carried  into  the  recirculation  zone.  The  measurements  on  the  other  hand 
Indicate  that  unburnt  fuel  is  being  swept  directly  downstream  in  the  swirler  air  stream  itself. 
Improved  penetration  of  propane  into  the  swirler  air  stream  would  reduce  the  rich  centrr^  region 
and  hence  the  concentration  of  unburned  hydrocarbons  there,  and  increase  the  concentrations  in 
the  swirler  streams,  fhe  plane-averaged  values  are  plotted  against  axial  distance  on  Figure  11. 

The  incorrect  profiles  are  seen  to  be  Irrelevant  in  determining  the  mean  level-  in  fact, 
excellent  agreement  is  obtained,  demonstrating  that  the  "instant  reaction"  assumption, 
together  with  the  fluctuation  model,  does  in  fact  give  a very  realistic  mean  rate  of  reaction 
for  the  unburned  fuel.  This  may  appear  strange,  since  the  Instantaneous  hydrocarbon  reaction 
rate  is  infinite,  but  the  effective  reaction  rate  is  governed  by  the  decay  of  fluctuations. 

The  good  agreement  here  is  a Justification  of  both  the  infinite  rate  model  and  the  modelling 
of  the  fluctuations  themselves. 

The  carbon  monoxide  concentration  is  shown  in  profile  form  on  Figure  12  and  in  plane-averaged 
form  on  Figure  13.  CO  concentration  increases  initially  in  the  region  where  fuel  breakdown 
is  occurring,  but  has  levelled  off  at  27aro  from  the  baseplate.  It  then  decreases  as  CO  is 
oxidised  to  CO^  but  more  slowly  than  the  hydrocarbon  concentration  because  of  its  finite 
reaction  rate.  These  features  correspond  well  with  the  measurements,  but  the  CO  levels  are 
considerably  too  high  at  all  planes.  There  are  two  reasons  for  this.  First,  the  over  rich 
recirculation  zone  will  allow  too  high  levels  of  CO  to  build  up  initially,  but  probably  more 
Important  is  the  slow  CO  consumption  rate  in  the  later  stages.  This  is  a consequence  of  the 
simple  probability  distribution  assumed,  in  conjunction  with  the  assumption  that  the  initial 
fuel  breakdown  is  to  CO  and  H^O.  The  effect  of  these  assumptions  is  that  in  the  rich  element 
of  the  probability  distribution  any  unburned  fuel  remaining  will  react  with  O until  either 
O^  or  unburned  fuel  concentration  is  zero.  Thus  the  presence  of  UHC  prohibits  any  CO  reaction 
taking  place  in  the  rich  elements,  and  this  is  probably  the  cause  of  the  high  predicted  CO 
levels . 

An  improved  probability  distribution  such  as  described  in  Section  6.2  would  improve  predictions 
but  it  may  be  that  a more  complex  kinetic  scheme  is  required  which  would  allow  OH  radicals  to 
exist  even  in  rich  mixtures.  This  feature  of  the  model  requires  further  study. 

The  other  two  comparisons  shown  (temperature  and  combustion  efficiency)  are  not  strictly 
independent  of  the  other  variables,  but  they  do  represent  parameters  of  importance  to  the 
combustion  engineer.  The  "measured"  temperature  is  found  from  the  measured  species  concen- 
trations, assuming  no  heat  losses,  and  a temperature  calculated  in  a similar  way  from  the 
predictions  is  plotted  on  Figure  14  for  comparison.  This  is  not  the  temperature  actual)/  used 
for  computing  densities  and  reaction  rates  in  the  program,  since  these  are  calculated  a/*parately 
for  each  element  of  the  probability  density  function.  Better  agreement  is  obtained  here  than 
for  fuel/air  ratio  at  27aa  from  the  baseplate,  because  of  the  flattening  temperature  versus 
fuel/air  ratio  characteristic  near  stoichiometric  conditions.  In  the  bulk  of  the  flow  away  from 
the  wall  a fairly  constant  level  is  found  and  the  predictions  follow  this  trend.  The  general 
temperature  levels  predicted  are  everywhere  too  low,  because  of  the  presence  of  large  quantities 
of  CO  up  to  147aa  from  the  baseplate.  There  is  good  agreement  at  the  last  two  planes  where  most 
of  the  CO  has  been  consumed. 

Combustion  efficiency  plots  (plane  averaged)  are  given  in  Figure  15.  This  parameter  is  also 
calculated  from  the  species  concentrations.  Ihe  shape  of  the  curve  is  well  predicted,  again 
showing  that  this  kind  of  model  does  possess  the  correct  features.  However,  the  approach  to 
high  efficiency  is  too  slow,  because  of  the  excess  CO  aentioned  earlier.  The  rapid  rise  in 
efficiency  between  the  100  and  140  mm  planes  is  because  of  the  addition  of  dilution  air  which 
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has  the  effect  of  making  oxygen  available  in  the  rich  elements,  allowing  the  CO  to  react. 

The  inefficiency  at  the  exit  plane  Is  a result  of  low  temperature  in  the  weak  element  of  the 
probability  distribution  preventing  further  CO  oxidation.  It  is  likely  that  an  ia^)roved 
probability  distribution  would  considerably  benefit  the  efficiency  prediction. 

6.  FUTURE  DEVELOPMENTS  OF  THE  MODEL 

6.1  Arbitrary  Boundaries 

The  major  limitation  of  the  method  as  it  stands*  for  the  prediction  of  realistic  combustor  flows 
is  that  the  geometry  of  the  boundaries  has  to  conform  to  the  edge  of  the  mesh,  i.e.  it  is 
restricted  to  cylindrical  or  rectangular  combustors.  Work  is  well  underway  to  expand  the 
boundary  capability  to  enable  boundaries  of  arbitrary  shape  to  be  handled.  The  boundary  will 
be  approximated  by  a series  of  planes  through  each  computational  cell  (but  at  any  angle  to  the 
mesh).  The  finite-difference  equations  are  modified  for  boundary  cells,  and  all  geometric 
data  is  calculated  once  only  at  the  start  of  a computation.  Some  simple  test  cases  have 
already  been  run  with  this  model,  but  without  combustion. 


6.2  The  Combustion  Model 

The  first  (and  probably  simplest)  Improvement  which  could  be  made  here  would  be  to  replace  the 
double-delta  function  probability  distribution  function  (p.d.f.)  with  a more  physically 
realistic  p.d.f.  which  can  still  be  defined  by  a mean  and  standard  deviation.  One  function 
which  would  be  suitable  is  the  Beta  function  which  Rhodes  (12)  showed  to  be  a very  good 
approximation  to  measured  concentration  distributions  in  a turbulent  flow.  This  has  the  form: 


= u'O-x)' 


(21) 


where  a and  B are  determined  from  the  mean  and  standard  deviation  of  a scaler  concentration  X, 
and  b Is  a constant  chosen  such  that  . 

A second  Improvement  being  pursued  is  to  solve  a separate  equation  for  unburned  hydrocarbon 
concentration  and  to  allow  the  "instant  reaction"  assumption  to  be  relaxed.  The  equations 
to  be  solved  then  become  much  more  complex,  since  more  chemical  species  are  present,  and  their 
fluctuations  are  not  simply  correlated.  Additional  equations  are  required  for  some  of  the 
species  correlations.  This  approach  is  likely  to  be  rather  more  long  term  because  of  its 
complexity,  but  does  offer  the  possibility  of  predicting  unburned  hydrocarbon  emissions  in 
situations  where  the  rate  of  initial  breakdown  may  be  important  (extinction,  high  altitude 
operation,  ignition)  in  addition  to  those  of  CO  and  NOx.  The  present  method  appears  to 
predict  unburned  hydrocarbons  well  in  the  present  situation. 


The  addition  of  the  Zeldovich  reaction  mechanism  for  NOx  formation  is  quite  straightforward, 
and  only  lack  of  time  has  prevented  its  Inclusion  in  the  present  paper.  It  is  hoped  that 
NOx  comparisons  will  be  presented  at  a later  date. 


Improvements  in  the  chemical  kinetics  may  also  be  possible  but  probably  at  the  expense  of  large 
Increases  in  computer  time. 


7.  CONCLUSIONS 

A prediction  method  has  been  developed  with  some  novel  features  in  the  combustion  model  used, 
and  a comparison  performed  with  a set  of  measurements  of  velocity  and  species  concentrations 
in  a research  combustor.  T^e  method  has  been  shown  to  be  capable  of  predicting  recirculation 
zone  length  profiles  of  fuel/air  ratio  and  to  give  the  correct  trends  of  hydrocarbon  and  CO 
concentration.  In  spite  of  the  instantaneous  hydrocarbon  breakdown  assumed,  the  net  consumption 
of  HC  is  well  predicted.  However,  because  of  the  lack  of  oxygen  in  the  rich  elements,  CO 
consumption  is  too  slow.  There  is  evidence  that  a more  realistic  probability  distribution 
function  is  required,  the  Beta  function  being  the  most  likely  candidate.  The  high  CO  levels 
have  caused  both  temperature  and  combustion  efficiency  to  be  too  low,  but  general  features  of 
both  are  well  predicted. 


It  has  been  found  that  the  treatment  of  the  swirler  wake  region  is  important  in  determining 
the  Initial  mixing  of  fuel  and  air,  and  further  improvement  is  required  in  this  region  to 
obtain  more  accurate  predictions.  Nitric  oxide  predictions  have  not  yet  been  incorporated  into 
the  method,  bu>  this  can  be  done  easily  and  will  be  added  when  more  accurate  fuel/air  ratio 
profiles  and  CO  consumption  rates  can  be  obtained. 


With  a little  further  development  the  method  should  prove  a powerful  and  useful  tool  in  the 
development  of  combustion  systems. 
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DISCUSSION 


J. Winter.  UK 

(1)  The  model  is  a simple  combustor  with  the  recirculation  generated  by  the  swirler.  Do  the  prediction  methods 
take  into  account  any  entrainment  from  the  dilution  flow? 

(2)  Do  you  see  any  difficulties  in  extending  the  prediction  method  to  more  complicated  geometries  e.g.  with  the 
recirculation  zones  generated  by  secondary  holes  as  well  as  swirlers? 

Author’s  Reply 

1 should  mention  here  that  the  combustor  was  tested  with  and  without  fuel  flowing.  In  the  case  of  no  fuel  the 
recirculation  length  was  much  longer  and  it  is  quite  possible  that  some  dilution  air  become  entrained  in  that  case. 

I have  not  yet  run  the  method  without  fuel  to  check  that  this  behaviour  is  reproduced,  but  the  method  should 
certainly  allow  dilution  air  to  be  entrained  if  conditions  require  it. 

There  are  no  difficulties  in  principle  in  adding  a row  of  secondary  holes  in  addition  to  the  dilution  — the  main 
difficulty  in  modelling  real  combustors  is  the  fitting  of  arbitrary  wall  geometry,  and  this  work  is  in  hand. 


G.Winterfeld,  Germany 

( 1 ) Does  your  model  take  into  account  the  effect  of  unmixedness? 

(2)  Does  your  reaction  kinetic  scheme  take  care  of  the  time-dependent  decomposition  of  the  fuel? 

(3)  How  do  you  check  that  your  CO  — measurements  do  not  suffer  from  sampling  probe  effects? 

Author’s  Reply 

(1 ) Unmixedness  is  taken  into  account  through  the  fluctuations  of  fuel  in  the  model.  This  allows  time  mean 
values  of  both  fuel  and  oxygen  to  exist  in  spite  of  the  infinite  rate  of  the  fuel  + oxygen  reaction  assumed. 

(2)  At  present,  the  fuel  decomposition  is  assumed  to  be  instantaneous  in  the  presence  of  oxygen.  Some  work 
is  being  pursued  to  relax  this  assumption,  but  the  implications  of  doing  so  are  a much  more  complex  set  of 
equations  and  many  more  correlations  of  fluctuating  components. 

(3)  It  is  always  difficult  to  be  categorical  about  sampling  accuracy.  Some  discussion  of  this  problem  was  presented 
in  Section  3.1,  and  1 would  only  comment  that  the  quenching  rate  due  to  expansion  of  the  sample  plus  water 
cooling  is  believed  to  be  fast  enough  to  preclude  further  reaction. 


J.F.Chevalier,  France 

Dans  le  calcul  du  fuel/air  ratio,  que  mettez-vous  dans  le  fuel? 


Author’s  Reply 

One  of  the  quantities  which  we  have  in  the  solution  is  the  total  mass  fraction  of  the  hydrogen  element  present  in 
all  molecular  forms,  and  from  this  one  can  calculate  fuel/air  ratio  directly 


Fuel/air  ratio  = 


Xh 

Fraction  of  H in  fuel  — Xjj 


The  other  equation  solved  is  for  CO2 , and  from  these  two  one  can  generate  the  concentrations  of  all  the  other 
chemical  compounds.  So  you  see  it  is  not  a question  of  putting  various  compounds  together  to  find  fuel/air  ratio, 
but  rather  of  extracting  the  composition  from  the  fuel/air  ratio  which  we  know. 


J.Odgers,  Ca.  ada 

You  obviously  have  a very  large  amount  of  experimental  data  Have  you  attempted  to  assess  the  performance  of 
the  combustor  using  any  of  the  alternative  theories  which  are  available.  Also,  is  it  possible  that  the  data  may  be 
made  available  for  general  testing? 

Author’s  Reply 

We  have  developed  the  prediction  method  systematically  selecting  what  we  believe  to  be  the  most  suitable  models 
available  for  this  purpose,  and  the  data  was  obtained  specifically  to  use  as  a test  case  for  this  model.  So  the  answer 
to  your  first  question  is  no,  only  the  current  method  has  been  used  to  date. 

As  to  your  second  question,  the  data  concerned  is  the  property  of  NGTE,  and  so  I must  refer  to  my  colleagues  there. 
(1  have  since  been  informed  that  it  will  be  released  for  general  use.) 
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